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ABSTRACT-

Temperature logs have been utilized to gain inforcation on fluid ,

movement in and adjacent to we11' bores. for many years. Much research,.

both field and laboratory, has been done in an attempt to apply mathe- 7

matical standards to the information obtained. Detaileo quantitative
interpretation has been generally unsuccessful because of local geology,
bore hole effects, unstable well conditions, and the time required to,.

approach thermal stability. The application of the temperature log to
injection profilingshas focused our attention on these problems more
pointedly.

The tec.nique discussed in this paper provides a means of investi-
gating injecti{on strata more thoroughly and minimizing the well condition
influence. A digital system is employed, recording a series of runs on
tape at predetermined time intervals. The tapes are programed through.a
computer to establish the temperature decay rate through selected in-
tervals in the well bore. When the rate is established, an extrapolation
data provides an accurate progression toward thermal equilibrium in the
strata. This data is used to determine the fluid acceptance profile.

'

For further analysis of data, a differential is available for any selected
interval. N

Field examples are presented comparing the various temperature
logging techniques with the computerized logs to further demonstrate the
validity of the information obtained.

'

INTRODUCTION
,

Temperature logs are one of the oldest me'ans of investigating down-
hole conditions. Many new applications and methods of interpretation of
results have been developed, most of them valid to,a limited degree.
These "new".pt mises and techniques are, for the most part, extensions of,
or improvementa upon prior work. Supporting information, both theoret-.

~

ical and actual, lend credence to some individual histories, which are then
accepted as the " standards" for their particular approach. Our ability to.

compute results from physical data has improved almost without bounds, and
some highly sophisticated data calculations has evolved. The advancesant
in this area nas pre-supposed that the methods of gathering and extracting. '

these basic data has kept pace with our analytical ability.
.
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Unfortunately, such is not the case. We still must work with information.

collected by, basically, a thermometer in a very restricted environment,
the well bore.

4

These " thermometers" have been improved radically, and in our zeal
to get to the final' answer, we tend to impute capabilities to the tools
that cannot exist under the conditions in which they operate. We then
supply the missing data from our individual understanding of the condi-
tions and our opinions are " read in" to the log as actual recorded data.,,

The results computed from this information are as varied as the number of
qualitative " facts" we supply.

The widespread differences in temperature log interpretation in-
dicate that we should re-examine the raw data and attempt to validate the
basic components of our formulations.

The total amount of temperature information available to us at a
given tine exists in the absolute temperature curve (Figure 1); therefore,
we must devise a method to extract this data, then determine what condi-
tion affected it. To do this, an understanding of the tools, their
reactions and methods of recording, and the environmental reactions
surrounding them is imperative.
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TOOLS
,

Surface recording tools can be divided into three basic
classifications:
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Figure 2. Basic Temperature Tools

I
' l. Absolute or normal temperature: A single element tool,

calibrated and aligned to detect the existing temperature
downhole and transmit this information to the surface, where
it is recorded as actual temperature versus depth.

This tool measures the temperature of the borehole fluids at
a single point and is subject to the total of the vertical as

*

well as lateral effects of temperature transition zone. Sharp
definition of temperature interfaces is improbable unless the
differential is extreme, and slight changes often go unnoticed

,

unless recording sensitivity is high. Total transition from
one temperature to another is usually averaged over a long
vertical interval.

2. Temperature Differential: The differential tool utilizes two
elements physically separated by a given distance. Both
elements detect the absolute temperature of the fluids at their
respective depths. These temperatures are impressed upon a
" comparison circuit" and the difference between them is trans-
mitted to the surface and recorded. Hence, if one element

-3-
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-detects 76 degrees;and the other, S''above it, registers 75
degrees, a 1 degree progression for the interval is recorded.-

As long as this progression remains the same as the tool is
moved downhole, no further deflection is recorded, but should
the rate of change increase.to 2 degrees per five feet interval
(i.e. top element 78 degrees and bottom 80 degrees) an addi-
tional one degree deflection would appear on the recording for
the given interval.

The two element tool can be calibrated and used as a "true dif-~~

ferential" indicator by taking stationary readings. The actual
difference in temperature would be determined by the deflection.
During most logging operations, the progress downhole is
usually continuous; therefore, both the rate and the amount of
temperature change affect the readings, and the log is used as
a relative temperature change indicator. The actual tempera-
ture is recorded simultaneously on a separate circuit. The
advantage in this usage is a more prominent indication of
temperature change over a given interval.

3. 'A - Priori " Differential": This principle simulates the dif-
ferential effect by using a single element and an electronic
" memory circuit." The single element detects the temperature
of the well fluids and sends this information to a memory cell

or delay circuit. After a pre-selected time this temperature
impulse is fed back into a " comparison circuit" and is impres-
sed with-the impulse currently generated by the temperature
element. The difference in temperature detected at the two

time-intervals is recorded as differential.

This tool is not a true differential indicator with respect to

depth since it depends upon movement for its depth spacing.
Theoretically, the spacing is controlled by logging speed, but
in actual practice, the time delay for feed back in millisecauk
and normal logging speeds are not compatible. No consistent
spacing control is possible without electronic "gateing" keyed
to the depth meter. Continuous movement again incurs effect
from both the rate and amount of temperature change, and con-
fines the use of this curve to an instantaneous slope change
indicator. As with the other differential tools, the actual

temperature is recorded on a separate circuit. The downhole
tool used in the A-priori method is only the normal or abso-
lute temperature sonde. All the delay circuits are in the
surface instrumentation. NOTE: The electronic description in
the foregoing discussion is not technically correct, but has
been simplified to emphasize the sequence of occurrence and ,,

reaction.

APPLICATION
Temperature analysis is.useful in four separate applications.

All the interpretations have overlapping variations.

1. Definition of lone endurina effects. such as cement top loca-

tion. Timing is not critical since the heat evolved by cement
reaction is continuous for some time and relatively slow to-

dissipate. Good definition is possible for long periods of
,
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time after operation. Absolute temperature tools are competent
for this work, as anomalies are usually quite pronounced.*

2. Production Loeging. Location of production entering well bore.
Identification of channels when produced fluids cause changes
in ambient temperatures. Differential tools assist in inter-
pretation and definition of slight changes of temperature.
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Figure 3. Temperature Analysis Applications

Thin zones of production entry can be better defined with short
spaced investigation.

3. Frae or Stimulation Evaluation. Identification of short term
temperature effects. Zone identification is made by compari-
son of normal gradient curve before operations to the anomalies
induced by pumping fluids downhole. Temperature effects are
comparatively short lived and time is rather critical. Inter-

pretation will vary with the direction of induced anomalies- .-
(heated or cooled) and with the treating fluids used.

Absolute temperature sonde must be used but the differential
curve can assist in defining limits of zones, especially when
differentials from normal gradient are small.

4. In jection Analysis. Identification of zones of injection by
observing the changes in well bore temperatures induced by in-
jection, and comparing the relative rates of recovery opposite
various strata when injection is discontinued. The absolute
temperature tool must be used for valid interpretation, and
the differential tool may be used for upper and lower limits
of zones.

-5-

. . r - . . .. . |



. ,_ __ -- . _ .. ._ - _ - _ _ .

-
.

ENVIRONMENTAL EFFECTS
.

All temperature analysis is accomplished by observing the reaction
when ambient temperatures are disturbed by some means, resulting in down-
hole temperatures other than normal gradient. The gathering points for
all temperature data are confined to the well bore and all measurements
must be considered from these indices only. Reaction in the formation is
inferred from its effect on the well bore temperatures.

.

The temperature curve is a graph of temperature versus depth within
the borehole. As such, it considers only two moments -- vertical and
lateral - but the effect of all the conditions surrounding the data point
dictates its temperature at any given time. Since the temperature ob-
served at a specific point is the result of its total environment, a
method of defining the variables and eliminating or computing their effect
is necessary before valid quantitative work can be accomplished.

The definition must be done with the raw data derived from the
temperature curve, which is subject to the inherent limitations of the
collecting process. A better understanding of these limitations can be
established when we. examine the basic principles involved. (Figure 4).
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. The geothermal gradient'is caused by the continuous flow of heat
outward from the interior of the earth. The flow of heat is an equilib-

rium process between the heat sources, the conductivities of the
transmitting material and the temperature differential between two points;
therefore, there is_no accumulation of thermal energy in the path of heat
transmission. The thermal gradient for a given medium is dependent upon
its conductivity.

..

The normal gradient of a given formation is not appreciably dis-
turbed by the existence of a hole or well since the differential still
exists vertically, and the ambient temperature at any given depth remains
the same throughout the strata. This provides an infinite reservoir of'

heat at the existing temperature for a given depth, which can be recorded
by the absolute temperature tool. (Normal Gradient Curve).

.

Injecting cooler fluids into the well bore causes a differential to
occur between the well and the reservoir of heat at any given depth, and

the equilibrium process is established immediately, forming a horizontal
gradient at that depth. Assuming injection conditions (rate and tempera-
ture) to remain constant, a constant rate of heat replacement is
established that is dependent upon the formation to borehole differential
and the conductivity of the medium between the two temperature extremeties.

Since the rate of heat flow is constant for these given conditions,

steady state heat flow is approached after the initial injection period,
and thermal equilibrium with the ambient formation temperatures is estab-
lished at some radius from the well bore (Figure 5). Continued injection
results in no further measurable cooling of the well bore or formation
around'it, and the rate of heat absorption by the water becomes constant
for each depth. Therefore, the well bore gradient is established as a
near constant progression at some temperature cooler than normal forma-
tion gradient.

The zone or zonas of fluid entry can sometimes be recognized by
the slight slope change at the top of the injection interval but close
definition of the zones under injection conditions is improbable unless
considerable vertical separation between zones exists (strata cooling

I between injection zones discussed later.) The injection zones have an
I additional effect imposed. The fluid entering the zone at some tempera-
i- ture less than ambient formation temperature, not only cools the formation

face by passage, but the reservoir of heat is displaced to an ever-increas-| .

ing radius from the well' bore by the fluid. Since the fluid in the bore-
hole is the coolest in the system and the well bore is the collection

|

point for the temperature data, no additional cooling is recorded at this'

*

| depth as a result of continued injection.
:

After these conditions have been established, the recorded injec-

| tion temperature gradient in the well bore remains essentially constant I
,

throughout the total period of injection,.and a gradient curve run under
injection conditions will reflect only the temperature of the injection

! fluids at their respective depths. The result is a gradient curve of

relatively constant progression, depressed by some degree cooler than'

normal formation gradient. The two temperature extremes have now been

I
-

i
-
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established and the conditions are at-steady state.
.

When injection is discontinued, the well bore to formation dif-
ferential still exists. The water is no longer moving, and the equilibrium
process attempts to bring the fluid in the well back to the ambient forma-
tion temperature at each depth.

The conductivities of each strata allow a characteristic rate of
heat replacement at their depth, and the relative rate of heating is not..

equal for each zone. The rates of heating at various levels differ but
are proportional for each zone with respect to conductivity and differen-
tial at any given time.

The result in the well bore is a progressive, proportional heating
at all depths except the interval that has accepted the injection. This,

interval has not only been cooled to the thermal equilibrium radius, but
the reservoir of heat has been displaced from the bore hole to the point
that lateral or horizontal flow of heat to the well is either effectively )
blocked, or is radically decreased.

|

Any replacement of heat at the points opposite the injection zones
must come from above or below the strata, or be delayed until the fluid '

bank in the formation is warmed to the degree that it will, in turn,
transmit heat to the well bore fluid. These variances in recovery rate
can be identified by a temperature traverse of the hole with the absolute
temperature tools. Several traverses at selected time intervals after
shut-in reflect these relative rates and a DT with respect to time is
evolved for each interval. As previously stated, these relationships are
proportional except over the zone of fluid entry. These progressive or
" decay series" curves can be used for qualitative identification of in-
jection zones. Identification of the true injection incurred anomalies |
is not always simple, since many conditions can affect the recovery rate '

observed in the well bore. (Figure 6).
1

Mechanical conditions such as casing, tubing, hole size and cement-
ing programs behind casing, changing bore hole size, thin zones widely
separated, or closely spaced, or any other than uniform physical conditions
can cause variations in well bore heat replacement rates. A sufficient
number of subsequent traverses must be made to identify the true injection
zones.

Theoretically, once the zone is identified, the DT with time
established af ter recovery of the injection zone commences can be used
for quantitative calculation of percent fluid intake per interval.

This application, used without other control data, assumes several
hypothetical conditions:

1. Each strata is thermally independent of adjacent formations.
2. Vertical heat interchange between' strata and within the bore

,

hole is negligible.
3. The heat flow effects precisely reverse themselves during the

recovery period.

-8-
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Graphic examination of the sequence of thermal transfer will reveal-

that these effects must be considered in any quantitative work.

STABlu2ED INJECTION TEMPERATURES
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Figure 5 Figure 6. Conditions Affecting Recovery Rates

THEORY AND VARIATIONS

The many attempts at quantitative evaluation of injection well
temperature logs have evolved an approach that is closely analogous to the
radial flow pressure decline calculations, which assume only two dimen-
sional flow. The application to thermal evaluation considers individual
strata, with the cooling approaching the ideal or complete thermal equilib-
rium at an infinite radius. Figure 7-A.

At the initiation of injection, the radius of cooling is slight
(T ), increasing throughout the period of injection to the ideal tempera-I

ture distribution (T6). This progression is assumed to be independent of
boundary temperature effects. Figure 7-B illustrates the temperature dis-
tribution in adjacent strata under this assumption.

Theorizing that temperature flow effects precisely reverse them-
selves upon interrupting injection allows calculation of the rate of
recovery within the well bore. Relating this recovery rate to the heat
transfer co-efficient of the formation, period of injection, total in-
jection volume, and ambient to injection temperature differential, a
formula can be evolved that should indicate the injection distribution.
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The mechanics of heat flow are not limited by vertical permeability

boundaries as are pressure or fluid flow effects; therefore, this approach
toward evaluation must be modified to consider the effects of heat flow
within the formation upon the well bore temperatures.

The constant proportional progression of heat distribution through
a given strata which must be assumed quantitative evaluation does not
actually exist. Figure 8-A illustrates the complexities of heat flow
mechanics by joining the center points of the isotherm distribution of
Figure 7-B.

It becomes apparent that as the vertical heat differential between
strata not accepting fluid becomes more pronounced, a greater amount of
heat is taken from the adjacent strata to attempt local equilibrium.
These effects become self-limiting, and disrupt proportional cooling pro-
gression of individual strata. For practical interpretive uses, the
cumulative cooling is fixed at some finite radius. Figure 8-B. -

This radius cannot be established as a constant for a given forma-
tion without also considering the strata thickness, since a thin formation
will be more affected by the adjacent temperatures than a thicker one.
As a result of these reactions, a calculation based upon the radial flow
principle must consider additional control data to become accurate. The

premise of precisely reversed recovery effects is also invalid for calcu-
lations. The. zones do not reverse the heat flow but the reactions observed
in the well bore are reversed, with limitations.
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Figure 8. Complexities of Heat Flow Mechanics .

The steady state heat flow approached during injection cannot be
established during shut-in since there is no heat carried away under
static fluid conditions. The rates of recovery observed in the well bore
constantly diminish. with the decreasing temperature differential until
recovery to ambient formation temperature is effected. The resulting
isothermic distribution sequence is depicted in Figure 9.

As injection is interrupted, only slight vertical differential
exists between strata in the proximity of the well bore, but the well to
ambient formation differential is at its maximum. Lateral heat flow from
the formation to the well is at peak rate and very slight vertical heat
inter-change occurs near the well. During the collapse of the heat sink,

'_or cool cell, the recovery of the more conductive formations surpasses theslower conductive strata, and a temperature differential develops between
zones, establishing a local equilibrium process near the well bore.

The formations of lower transmitting efficiency are then warmed by
vertical, as well as lateral heat flow, and in turn, affect the well bore
fluids. Since all the temperature data is gathered from the well bore,
these effects obliterate the lateral recovery rate data needed for quanti-
tative calculations.

The period of maximum lateral, and minimum vertical effect on the
well bore temperature is transient, occurring during the initial recovery

The recovery rate data must be collected duringprocess after shut-in.
this " optimum time" period when the rates more nearly approach the lateral
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- flow characteristics necessary for valid calculations..

These initial data may be extrapolated through the time interval
where distortion occurs to the total recovery point, or ambient formation

temperature. The extrapolated rates then reflect the true lateral re-
covery characteristics, relatively independent of vertical flow effects.
Projection of these data from injection temperature to indigenous forma-

.
tion temperature will identify the zones that have accepted injection,
since their proportional recovery rate has been interrupted. (Figure 10).
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Figure 10. Actual versus Extrapolated Progression

The source of heat required for proportional recovery has been dis-
placed past the thermal equilibrium radius by the injection fluid, and
does not contribute a lateral flow of heat to the well bore during the
inspection period (logging time duration). Figure 11.

.

Heat for recovery opposite the injection zones must be supplied
vertically from adjacent strata. These formations have been cooled by
proximity to the injection zone and cannot contribute heat flow at normal
formation temperature. The source heat for recovery is less than ambient
formation temperature; therefore, proportional extrapolations, based on
decay data, cannot approach gradient temperature at these depths.
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An example of this first basic extrapolation step is shown in
Figure 12. The average DT with time from three runs is used for brevity
in explanation rather than the proportional extrapolation that must be
used for true quantitative work.

Through the 84 hour extrapolation based on 2 hour decay time, the
deepest point to equal normal gradient is 8030 (118.5 degrees). All
points above 8032 were eliminated from the next extrapolation at 95 hours.
Temperatures from 8057 to TD were also equal to normal gradient and
eliminated as injection zones.

The 95 hour extrapolation eliminated the zones from 8032 to 8040
and the 2' interval from 8055-57. A thin zone from 8047-49 exceeded the
gradient temperature at 327 hours and the ratio of progression of the two
remaining zones indicate that extrapolation to normal gradient would re-
quire an unrealistic time, even considering an average DT with time.

The remaining temperature differences at four inspection depths
were prorated to percentage injection in these zones. The assignation of
these percentages must be modified by the effects of zone cooling and zone
thickness in multi-zone injector.

Figure 9 depicts a single zone of injection bounded on both sides
by non-injection zones. Multi-zone injectors must consider strata not
accepting injection sandwiched with zones which have had the indigenous
heat reservoir displaced by injection water.

- 14 -

t- . ._ , . -



- -- - -. - m _ .-~ - .- s ,- --- m .- - _ _ . - - - . . . . - _. - - . ., -

*
. .

^

,.

.

92 M M
M

l lI*

l
" COMPUTER

i EXTRAPOLATION

kgg
a n!-ww >. s

I n., . . . . , ..... ..
is,.- u.

l
.i.,.. ..

.i..'.n. n,{ l . au.
84., I Si, ...;.. .

. . . . . , u.. u,...
.: . u u,.

,

so20 m. i .. u. u,.n
. u

.. . i . un im...u, un
m..

.m. .u
i

n... nu.... .o

n. .... .

nu.!. .
...;
uu

m..I .u .. m ii, ii. .. un. .m.o.. nu n n..

. In.u.!u.!. mi,inu m.
A auo .. nu.

. . . .: nu .. . . ..r - . ... ..:r. o, n., n..
, .on.

n. . ! .
i m.. ..., .m. .o .: s ... .; .,n..

iu. . . ,.: .
i .. . n.. . .

I
| .. .. ..; .

. .. .. : . . . = ,, n..,
. , n .: n..-

.m ; .... ... ., -.
i \ seg

Figure 12. Trial Extrapolation-lateral Only

.

y~ +- . . . . .e,no. ,- . - - . . - . . . ,

,,

INJttilot 209[

- - - -
,,,,y,

-- - - - - _ _ _. ,J NUTft0W * atcowe, sTI
.si astroi j

s s s
-- -

.,

-- ~- . < _..' _ _ _

.

r

[--*****-
'^' * thj[Cfl0% ICh[ .

' ?.m .11 .. . . ~ .

i
.e

.

, ,C
-- f.

)< ., ,

<

,
.

(mt:non rest - py.Sg
.,

,

t

en

:
-

.

.

6 - .- . ) ! ., . . . .

i

)
i

| Figure 13. Comparison of Recovery Rates

|
|

6

- 15 -

.

, _ _
* *



. - ~ . . . . - - - - . - .-- - - - _ - - - - . . . . . . . .

. .: - ,

These' formations are effectively isolated from vertical heat flow,'

and a portion of the lateral flow replacement heat is constantly scavenged
by the injection strata on both boundaries. (Figure 13) . Since the source
of replacement heat is being constantly displaced further from the well
bore, the temperature in these zones is of ten reduced to approximately
injection zone temperature.

-Upon shut-in, the recovery rate of these strata is retarded by the
.

continuous thiefing of heat over the lateral-path to the well bore, and
by the lesser formation to well bore differential at a given radius. The
equilibrium effects do still exist; however, and all but the very thin
zones can be identified. Conversely, a thin injection zone between non-
injection strata is af fected by the proximity of the two dominant heat
sources, and the recovery within the well bore is accelerated.

Qualitative identification of the injection zones can usually be
made af ter a relatively long shut-in period. A single traverse is made
and the cool anomalies assumed to be the injection zones. Vertical heat
effects tend to average all the temperature parameters, however, and only
the top and bottom of the gross injection interval can be determined by
this means. These interpretations are subject to error due to the myriad
temperature influences on the well bore fluids.

Projecting the initial data through the time of maximum vertical
effects allows identification based on lateral heat flow. This establishes
a rate of recovery at each depth that is the result of temperature dif-
ferential at a given radius, formation characteristics, well bore
mechanics', injection conditions. These projections provide data that can
be used in formulations based on the radial flow concept of heat transfer.

The data derived from extrapolation of lateral recovery rates
evolves a relationship that can be used in quantitative calculation of
water distribution in the injection well.

Projection of'the non-injection zone temperature to the normal
gradient leaves the anomalics caused by the water injection zones. These
anomalies have.a relationship that reflects the distribution of water, but
only if additional correction based on zone thickness and bore hole to
formation differential is applied. Determination of the actual zone
thickness presents a problem, but a method incorporating the angle of
slope change and degree of slope progression is being used at present,
with good results.

Sufficient corroborating data has not been compiled at this writing
to present these calculations, but a progress report to the industry will ,,

follow at a later date.

INSTRUMENTATION

t

The heart of the computerized application is the sensitive digital -

recording system.

Through use of digital tapes, accurate recording of slight tempera-
ture changes is possible. Regular analog recording systems use time

- 16 -
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constant circuitry that averages many of these pertinent data, and visual'

definition becomes impossible.

The major objective of a digital recording system at the well site
is to record the information obtained from the sonde in the bore hole with
maximum accuracy, eliminating the variables inherent in electronic conver-
sion systems and accuracy limitations of strip chart recorders.

..

This is accomplished by recording the frequency output of the sonde
directly on tape as frequency and making the conversions to temperature in

Additional information, such as vertical and horizontal dif-a computer.
ferentials, can be computed with realistic values at maximum accuracy.
The computer output can then be printed in columnar or graphic form for
visual interpretation.

The mechanics of the system are shown schematically in Figure 14.
The temperature sonde uses a sensitive probe (usually a linear compensated
thermistor).
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Figure 14. Digital System Schematic

This sensor will vary with resistance depending upon its tempera-
ture and is incorporated in an RC circuit which controls a relaxation
oscillator. The frequency output is directly proportional to the resis-
tance of the sensor. The downhole signals are fed through the conductor
-cable to an event counter, coded, and put on magnetic tape in a BCD 1248
code. The BCD output will also go to a digital to analog converter which
will drive a strip chart recorder. The function of the strip chart
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recorder is to provide a visual record of the temperature runs for refer-
ence only. All interpretations will be made from the digital tape through
a computer. A minimum of four temperature logging run data is digitally
recorded on tape. The first run during injection and runs 2, 3, and 4 at
a set interval not to exceed 2 hours between runs with the well shut in.
Temperature readings can be recorded 1/2 foot intervals or one foot, |
two feet, etc. as desired.

.

COMPUTER PROGRAM

The digital field tape containing runs data is processed through
the program tapemake and a Fortran tape is output. This data is in fre-
quency and is converted to temperature. A report on all real runs is
generated and through a program the ability is provided to extrapolate new
runs to any elapsed time.

Each run real or extrapolated contains temperatures per depth
interval, vertical differential at selected depth intervals, and horizon-
tal decay rate from previous runs or to the normal gradient. Computer
plots of this information can better define the injection zone as to
vertical span and injection volume. All computed variables such as dif-
ferentials have real values providing improved interpretation information.
Typical computer print-outs are shown in Figure 15.

y;; it. T us.3 m1 -g- Tc s' A7. - __Py 1
'i

1

-.. ~.. ~
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Figure 15. Information from Computer Print-out
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TheThe first column is the injection temperatures versus depth.
second column is the horizontal differential or rate of decay vs. depth

from the injection run to the first shut-in run. The third column is the
first shut-in temperatures versus depth. The fourth column is the horizon-
tal differential between shut-in Run 1 and 2. The fifth column is the
vertical differential versus depth for the first shut-in run, and can be
selected for any vertical depth interval. Columns 6, 7, 8, 9, 10, and 11
are the shut-in runs at indicated times, decay rate, and vertical dif-
ferential. Column 12 is the extrapolated run at a selected time based on-

the decay rate of the previous runs. Any number of extrapolations can be
made to observe the data until the indigenous temperature of the undis-
turbed rock is reached. Column 13 is the normal gradient for the local-

area. Any set of figures can be printed separately and compared for more
detailed interpretation. After column 13, the percentage distribution
versus depth is shown. Further information on total volume injected can
be obtained by applying the percentage figures to the volume injected.

CONCLUSIONS

The use of digital recording and computer analysis, coupled with
logging technique, allows the selection of meaningful temperature data
exclusive of the masking effects inherent in regilar logging methods.
Extrapolation provides a means of projecting this " pure" data to
established reference indices, resulting in an accurate injection water
distribution pattern from temperature logs.

This concept of temperature log analysis is in its infancy, and
the forthcoming months will provide a base of well histories to support
the validity of this new service to the industry.

.
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AEETA'sCT recovery techniques provides the engineer with
information essential to obtain maxicus petr:.1-

Measuremente of fluid covement in bore- eus rete.rves from the fcmations. Tne =ost us d
holes have been used to dete mine the porosity technique to provide this infomation has been
and termeability of ex1.osed ro m ations and the studies c.f fluid covement fro: injected radis-
efficiency of the mechanical conditions of com- e.ctive tracers. The tracer methods have pre-
pletions. Until the 1. resent time, all analyses vided general infomation on channel.5, thief
using radioactive techniques have been baced on zene locations, and stimulation effectiveness.
calculations depcndent upon en accurate knowl-
edce of pipe er hole diameters. To obtain more detciled infor=atics, calcu-

lations were made froc velceity recordings of
A new technique has been developed, inde- the movement of radicactive tra:er caterial in

pendent of diaseters, to provide accurate the borehole using hcle diameter infomation at
zeasurements of fluid flow in casing, behind the each section of.a well. Such infomation was
casing, and in the open hele. Tnis methed restricted to sections of wells where accurate
weasures the radiation intensity of a moving caliper info mation v. available. After sti=u-
slug of radioactive resterial in the borehole. lation, the hole diameters change both in open-

,

Aa material is lost to the for=stics, a de:rease hole sections and cased sections, restricting
in intensity is observed providing infomation accurate fluid movement analysis to inside
fer constructing an ac: urate profile. Calcula- casing or undisturbed sect, ions of uneased bore-

tions are rcade based on the absorption factor of holes. ,.
,

ihe rc:k cczpared to tue barehole fluid and the
method of reasu cment of the intensity of re. In vells where abmpt changes in diameter

,,

cor% d n. h tion. Case histories are presented i :ccur due to casing prcgrass or irregular bore-
' ~

holes, the hydraulic flow diameter and calipered |
|deOnstratiLgtheact.uracyandimirovementsovercthar tecnniques. diarceters vary directly with the degree of |;
| change. This is denonstrated by laboratsryInthistest,a2-in.j.' ~Tf.m DUCT!O!! tests as shown in Fig. 1.

'

ce: tion cf tubing vas sved ed to a 'i-in. OD6
'e temi x ion of 'hc e 9 :% vin. 4c c: vell cacina nction. Readings were taken, at variousI'

cowletions, stiv n ati.n, reredial a.i secundary metered rates cf injected fluid, of the time ||
Illustratiern at end af pan P. interval ree rded for a slug of radioactive

. _ .
,.
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I' ratchial to tsavel fr : A to C, and frs: B ta the ree:rded intensities is the basis of inter-
D. 'Fr:m' the re:crded times, the fluid ::vement pretatian cf the results.

~* rates were calculated based en tne a:tual ID of
the casing. Comparisen of the es.lculated rates METHODS OF MEASUFE'ECS
fcr the tv. intervals and the ne:ered rates at
input shows a vide discrepancy. n:rtally, Velocity prcfile tcols using d;vnhole
velccity. readings are made at sufficient dis- tracer ejectors with dual ganza-ray detec;crs

' tance fro: diameter changes to provide Ore provide infer:aticn en possible channels or

a urate infor ati:n. ec= unicati.ns. When such information is
observed, the a=ount and extent of the channels

A study of recorded tracer intensities are defined by ejecting tracer material and..

ct:ained frc: foll: wing ovecent of radica:tive fellowing its =cvement with a ca=:a-ray detector.

=aterial in the berehole has shewn detailed This technique has been com=cnly used to verify
infor:ation can be obtained behind easing or in the infermation obtained fr:m veiccity profiles

irregular berehales to determine fluid movement and has been an accepted practice for annulus

into for:aticas. profiles.

THE3RY Fig. 2 is frem a well where an annulus
profile was attempted with the velocity tech-

The intensity cf radioactivity Observed oy nicue. The scattered points en the right are
a dete: tor is determined by the sensitivity cf velocity readings calculated frc: inf nmatien
the . detector, strength of the radica:tive Observed with the profile toel inside the tub-
material and the aus rptien ccefficient Of vell ing and the ejected radica::iV6 material moving'

fluids, casing and fen:ations. down the tubing into the annu'us thr. ugh a
sliding sleeve above the packer, and back u,c the

The detector sensitivity is estehed to the annulus. Due ts the scattering Of p;ints, an
.radica:tive nterial strength and remains 0:n- as:uzed average prcfile curve vas constructed as

stant for each survey. The radica::ive material shsvn. On the left are a stack of straight

is ;repared in a solutice compatible with the tracer runs f.11cving a slus cf radicactive

vallbore fluids to provide unif:r: distribu- :sterial as it moves up the annulus. It can
tion. The vell-casing shielding effects are a readily be seen that the peaks of intensity of

kn:vn constant that unifor:1y reduces the en:h tracer run present a reascnable pr: file of

re crded intensity Of the =aterial, fluid loss fr s the 100 per cent reading at the
batt; to the O per cent reading at the t.p.

Of major impcrtance is the shielding cr
radioactive abscr;ticn cualities Of the farma- pro the studies of tracer runs a method Of

tions. As a percentage of the radica::ive measurement has been derived to provide an

materini enters a n:ne in the ve11 bore, a accurate profile Of fluid lose to the formation.

c:rresponding decrease in reccrded activity is Fcr securacy of inf:rsatien, all tracer runs arc

:tserved; likewise in areas where there is no recorded c the same logging speed and sensi-

fluid loss to the furcation, the a :ivity is tivity. Each tracer run is 1:gged cc pletely
- :nstant. Three fcurths cf an inch of c;nerete through the radioactive caterial. Ke: Order
vill reduce the existing radiation level to cne- deflections of the tracer runs are set so that
-half its original value. For each additional the cc=plete amplitude of deflection will'be
increment ef. penetration, the level :f a::ivity c stained en the re:Ording paper.

will be decreased at the same rate. By the
accurate centrol cf legging speeds thr ush a Fig. 3 shows the method cf teasurement of

moving radicactive slug, the penetratien into the re: Order intensities. First, a line is '
.the rock vill be an equal distance and the sub- drawn for the average base line of each run.

sequent radiation decrease vill be unif == Next, lines are drawn on the top and bctto: cf

- depending on the pe==eability of the section, the slepes of the intensity peak. These lines
are extended to intersect at a p int to the

The diameter cf the borehole has a negli- right cf the intensity peak and the base line as
gible effect on the recordings due to the icv shavn. When the radicactive material has
absorytien coefficient of the vell fluid and the traveled a long distance in the wellbore, or as
dispersion of the radicactive material in the fluid is lost to the formatien, the base of the

fluid. deflecticn spreads and the intensity peak
, ,

shortens. Care =ust be taken to irav the slepe
Uniform 1 6ging runs through a : ving slug lines along the actual radicactive material peak.

cf radioactive caterial inside er :utside the
casing vill provide a series Of re:Orded inten- Starting with the first re:ording, after
sities that can be measured to provide an the radicactive material is dispersed in the

c: curate profile Of fluid muvement er 1:ss te veil fluid, measure frem the slope line inter-

the for:atienc. The method of reasurement of section to the base line and add tc this the

. .. _ ,
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seasure==nt al:nc the base line between the in- the fluid movement by the deutle peak en the
tersections of _the siepe liner with the base recording. The successive runs as the fluid.-

line. Ree:rd this t:tal censurement for the moves up are shown cc the right and the profile
,

100 per cent reading. Re; eat the reasurements obtained is shewn on the left b0rder.
for each of the re:orded tracer runs in sequence
and when ec= pared to the 100 per cent reading, Fig. 8 is a co=parisen of a velocity pro-
the amount of activity remaining in the borehole file and a tracer profile with different
can be ootained. Measurements cf only the results. The velocity profile shows greater

. recorded peak cf the =:ving radica:tive =aterial losses than the tracer profile. The differences*

is of major impartance. Pr longed activity cr are due to the =easure=ent techniques. The

secondary peaks are not considered and have no velocity profile is =easuring fluid nove=ent
"

relationship to the c nstruc-icn f a pr file. inside the casing, and the tracer survey records.

They do provide cbservati:ns of channels or intensities both inside and outside the casing,

partial change in fluid movement direction and- resulting in higher readings. The in6reased
can be analyzed selarately. quantities cf the tracer run indicate channel-

ing fro the perferations fram 2,016 ft to 2,02T
CASE HISTORIES ft down to 2,133 ft, with no fluid ::vement

inside the pipe below 2,092 ft; losaes to the
Canparisons in over 500 vells of velocity for:atiens are indicated by the solid bar graph

profiles to tracer profiles have pr ved the on the left side of the chart. In additicn to
accuracy cf the tracer technique. In areas cf the channeling dcyn, fluid is also traveling up
unifor= diameters, the same prefile is obtained to 1,982 ft as indicated by the profile above
with both types. The fclieving ca:e histories the perforati0ns.
are frc the log files cf injecti:n vell
profiles. Fig. 9 shows the tracer runs for the pro-

file of Fig. 8.
Fig. L sh:vs the comparisen Of profiles

cbtained using a pa:her spinner soci [ Vel-Fah], Fig. 10 shows the erratic readings obtained
velocity curvey, and the tracer ce-hod. The in an open-hole sectic: with radical diameter
Vel-Pak survey caly seasures fluid ficv inside changes. The dashed line is the caliper cf the
the easing and readings are rectricted to open-hcle secti:n. At areas of extre e hole
unierforated secti.ns. The inf;r:ation obtained changes, the velocity profile readin s areo

deter =ines only h;v nuch fluid left the casing invalid due to the differences of hydraulic
at each set cf perf; rations. The velocity pro- diameter cf the fluid ficv and the calipered
file presents m:re inf.r:stion en fluid loss diameter. The tracer technique provides unif r:
thrcuch the perfcrated intervals tut is subject readings throu6hout the entire section.
to errar frcs the effect of 1cng perforated
intervals on the diameter. In these areas, Fig. 11 is a comparison of techniques
fluid ic ::ving teth inside the caring and cut- before and after the mechanical ecnditions of a
side the perforati ns. An a: curate hydraulie well were changed. The first velocity profile
diameter is unobtainable. The tracer profile was obtained before a liner was set and
is measuring the intensity of a moving radio- cemented. A second velocity profile was run
active mass and is unaffected by perforated approximately cne year later after the liner
:enes or casing. The resulting prcfile shows had been set and perforated, showing a change
where the fluid is entering the for=aticn. in fluid covement due to the liner placement.

Also a tracer profile was obtained after the
Fig. 5 presents the actual tracer runs liner placement, showing the fluid =ovement out-.

with the measurement technique on the right side side the liner. Due to the sinilarity of the
and the accurate profile en the left. Fres original velocity survey and the last tracer
this profile, channeling can be seen between survey, the placement of the liner had very,

the perforated intervals. little effect on the fluid into the formation.

Fig. 6 is an example of a well ecndition Fig.12 illustrates a technique of tracer-
with the tubing set partially through the cpen- logging fluid movement up and down simultane-

'

hole section. The velocity profile is consist- ously. The first tracer run at the bcttom of
ent in the section below the tubing. In the the tubing shows a split in intensity. The
annulus behind the tubing, based en gauged hole following runs show the =ove=ent of the intea-

'

diaceters, the readings are erratic. A tracer sity peak up and the intensity peak dcun. -In
profile confirmed the lever velocity readings well conditions with long secticus, individual
and provided an accurate profile of the fluid tracer runs for each direction of flov vould be
covecent'up cutside the tubing. made to increase the number of runs and provide

better detail.
Fig. 7 shows the recorded tracer runs for

the section behind the tubing of Fig. 6. The Fig.13 is the resulting profile of the
first tracer run at the batte shows a split in runs in Fig.12 and the velocity profile belev

._ _ _ . ,.
- v+ *
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~$ the tubing. .In the area from the tubing bottc= years. The theory has been preved in all types
to the tctal depth, the velocity profiles and of co==ercial application. The reasurement
tracer profiles are the same. The tracer pro- technique of the intensities as shown by the.

file nlso shows the fluid movement up and behind exn=ples in this paper can te a reliatle rethed
the tubing. for obtaining quantitative analysis of fluid

covement, both inside and outside casing.
Fig. Ik is a co parison of a velocity pro-

file with the tubing bette= above the zone cf The tracer drag run technique provides a
interest. ' The tubing was then levered to belov method of substantiating other survey infor:a-
the zone of interest and profiles cbtained 25 tien and allows a point by point analysis of
months later. A cc=parisen of the profiles fluid distribution. The li=1tations of other..

shevs very little change in fluid movement into techniques such as irregular hole sizes,
the femation with the change in tubing place- changes in flow rates, and problers of interpre-
sent. tations are eli=inated with the tracer tect-

nique.

Fig. 15 illustrates both an additional
usage of the tracer technique to present scre To better differentiate this cethed frc
detailed analysis of the temperature survey and other tracer-type surveys and give recog.itica
further substantiatica by the temperature sur- to the developer, the tracer profiles discussed
vey. The solid line pr0 file in the center here have been called the "Self I'ethod of Fluid
section is a regular velocity prsfile. The Movecent Analysis".
tracer profile, the dashed line, shows evidence
of channeling frc: 4,356 ft to 4,428 ft with REFERE!;0ES

' fluid entry into the femation from 4,380 ft to
k,430 ft. Tne detailed te=perature survey on 1. Cocanower, R. D. and Morris, Billy P.:
the right shows the fe=atien ecoling over this " Selection of Profile Techniques Based
inte:rval as well as cooling frcs the channeling on k' ell Conditions",_ J. Pet. Tech. (l'ay,
from k,350 ft to 4,350 ft. 1966) 576-588.

Fig. 16 is a co=parison of temperature runs 2. Johnson, Wallace and Morris, Billy P.:
vs time on the right and a tracer profile en the; " Review of Tracer Surveys", paper presented
left. Tne' tracer profile verifies the shifts at Southwestern District, Div. of Pred.,
et 4,6k0 ft and k,940 ft to be due to changes API (!' arch 18-20, 196k ).
in hole diameter only. Fluid entry into the
fo=ation is shown by the bar graphs at the 3 Alberts, A. A. and Cocanower, R. D.:
left over the interval cf cooling shown by the " Application of Radicisotopes tc Subsurface
te.perature survey. Surveys", paper 396-G presented at AI:2

Annual Feeting, San Antonio, Tex. (Cet.,
SU:S*ARY A'ID CO:!CLUSIO:;S 1954).

The recording of intensities of moving
radioactive =aterial in a berehole has been
used for qualitative reasurements for over 20
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ABSTRACT
.

Considerable work has been done on the for any interval. With this information, an
mathematical interpretation of the information extrapolation is projected at a time determined
obtained from temperature logs. Detail interpre- by each field condition. Mathematical data is., ,

I tation has been hampered by bore hole effects, presented to provide the basis for the computer
unstable well conditions, and the time required program and extrapolation. Comparisons of
to obtain valid information. The problems are calculated data and analog recordings of temperature
prevalent in injection profiles, runs demonstrate the feasibility of the technique.

| The technique discussed in this paper Field exsmples are presented comparing the
| provides a means of obtaining accurate injec. various temperature logging techniques with the
i tion strata definition and minimizing the well computerited logs to further demonstrate the

condition influence. A digital tape recording validity of the information obtained. With the
system is described with a computer program to use of computerized temperature logs, fluid

; determine the temperature decay rate versus distribution can be calculated and presented
! time and horizontal and vertical differentials with a minimum time at the well site.
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2 COMPUTERIZED TEMPERATURE DECAY AN ASSET TO TEMPERATURE LOGGING SPE 2255

INTRODUCTION
.

There has been renewed interest in the usage of The rate of return of the well bore to normal
temperature surveys for fluid movement analysis temperature is dependent on the mechanical conditions
in both producing and injection wells. Many tech. of the bore-hole and the degree of cooling effected
niques have been tried and the results publicized. in the strata.

The major problem in defining accurately the in- ."" E''* *"'' "'Y* * * '
jection zone vertical dimensions was inherent with show the effect of packers, hole size changes, and cooling

. all the analog techniques. Additional problems of areas (Fig. 2) vertically adjacent to the injection zone,
of the effect of bore-hole mechanical conditions Repeated surveys show a decreasing effect of the mechan-
and the statistical errors common to analog record- ical conditions and provide more information on the
ings made interpretation more diffioult. Numerous injection zone. -

methods have been presented for better definition
of injection zones through mathematical calcula-
tions of comparisons of shut in temperature --j ,, =

y,, , ,t '{
t,, -

surveys to injection temperature surveys or to the ..: } .|
normal gradient. The calculations for each depth j {
interval were time-consuming and still contained j

-"the errors common to analog recordings. The q' q

digitizing of the signals from the temperature 1 .

element at the well site and the use of computers \ ,

for conversions to temperatures, log print-out, f 1.

and computer projections of this information to /N N."L.".
.

* " " '

a selected time interval provides more accurate | | [ [
definition of injection zones. 7 ,/

==

CONDITIONS /['
; . . .

Fluid movement into a formation strata ,/ '. . . . . - .
.. ,

,. .''cools the zone invaded as well as strata above
and below the invasion zone. (Fig. 1). The
extent of the cooling, both horizontal and
vertical, increases with continued injection Fig. 2 Effects of Well-Bore Condition

until steady state heat flow is approached.
When the well is shut in for survey purposes,
the normal formation temperature continues An attempt to make a single run temperature
the transfer of heat to the well bore. survey after shut in can be very misleading. Multiple

runs are necessary to distinguish the mechanical con-
k.

.. . , , . ,

.' ditions from the injection zones.t
I m A.~.w 4

*

.| Repeated runs to define the upper and lower'
#,

y lj 'j limites of an injection zone are at first affected by the
[! j:, cooling of strata adjacent to the zone, and later by the.,

f . ', 1 % vertical heat tran>fer to the injection zone near the well
j ' ,'; ;--= Q g ;- bore. In the first case, the zone may appear too broad,
p ..: :: P . r z f 3 g,

' .t and in the second, the zone could be eliminated from

, , - , . view.| ~
-

,

-- Down-hole sensors with extreme sensitivity are notp- c= .3 - - l-Er ~_;; 3
; . C'. l ,.,,, ,, ;

l : L.f '
necessary to gather valid data, but they must have linear
reaction over the range of temperature investigation. There

,

has been considerable confusion over the term sensitivity .'

,8 *

!

. with the development of the surface differential systems.
?'

l lh
.

These systems are capable of expanding a down hole
signal to a high degree, but the sensitivity of the system*= =-~' i

l
D is only that of the sensor in the bore-hole. Too high

. VW k. - . e _ e.m. a sensor sensitivity will make the variance of formation.

Fig.1 Injection Cooling Pattern rock characteristics more predominate and lithology

!
t

, . - - - .

.

-*
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corrections must be made for interpretation. Measured horizontal movement of decay
runs after shut in for a period of 3 to 4 hours*

The surface recording systems must record the obtains an average differential between runs and
signals as received from the temperature sonde to

provides a method of extrapolating to a selectedeliminate the errors introduceo by the conversion circuits
in standard analog recording systems. time interval reducing the vertical effect.

The use of a digital tape recording system An improvement on the measured differ-

for recording raw signals from the sonde and ential between runs was made using the radial
converting these signals to temperature through heat flow equation:
a computer has proved more accurate than analog (T* - T ) = (T. . T ) e -cdt , , , , , , , g 3

O W 9recording. Apparent shifts in analog recorded
logs have been found to be caused by circuitry SYMBOLS
variations and not bore-hole conditions. (Fig. 3)
The time lag between down hole signals and T, the temperature at a depth for some

time interval after shut-in.strip chart recordings is eliminated prov! ding.

more accurate signal depth informat:on. Further T the normal gradient temperature at that
g

processing of the digital taped information through depth

Tinj the injection temperature at that depth,the projecting formulas provide maximum informa-
tion at a minimum time. dt the time interval between T, and Tinj.

c - is a constant.
Analog recordings of the information from

the sonde are used for monitoring and display pur- First, the equation is solved for c from the
poses. Figure 4 shows typical surface instrumentation measured temperatures at a vertical interval in the
with the analog system and the digital system. well. The c values are then calculated for 2 or

more measured temperatures at the same interval
for different shut in periods. Normally one half
hour, one hour, and two hours shut-in intervals

HISTORY are used.
.

The first fluid flow analysis using temper. The c values obtained are then averaged and
sture decay survey with respect to time were the average value substituted back in the equation
time <:onsuming, and the information obtained to solve for T (shut in) at some selected time
at extended shut in times wra distorted by the interval, such as 24, 48 or more hours. This
vertical heat flow, method has produced good injection zone definition.

86 SJ 13 3130 132 9_3 le 95 96 97 33 99 mm
36 ft 98 97 la 96 4 g

I*E "| [ % | | #{ , ,, | -
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4 COMPUTERIZED TEMPERATURE DECAY AN ASSET TO TalEMPERATURE LOGGING SPE-2255

7 Percentages of fluid injection can be cali
,

culated by comparisons of the differential between
the extrapolated T and T normal for each interval
taking fluid.

= (Bz,r,9) I r,9) (AD . . . . .(2)The application of the above equation is z,r,9

confirmed in the following mathematical development
and theoretical examples, after the mathematical where: ,. .

'

model suggested by Dr. Paul Crawford.. ,

B = erf < . . .(3)> ..4

MATHEMATICAL DEVELOPMENT
2Va(9-Gr)

This section is a summary of the equations
showing the mathematical development of the transient

9,F is that time in hours satisfied bytemperature fields resulting from the snj_ection of water
into oil sands, and subsequent temperatures anticipated - -

when logging these zones. For many waterfloods, the ha 350 X0.0 = fr r -

normal geothermal temperature of the oil sand is 2
warmer than that of the injection water at the sand. 96 K

~ ~

face during injection. For this reason, the development
_ _

is given in these terms; however, if the injection water 2
was warmer than the oil sand, the same equations b 2b

e (1-erfb) + - 1.0 . . , , , , (4 )may still be used.
-

When water is being injected at normal flood-
ing rates down casing or tubing. there is only a small See Note (a).
change in temperature in logging a distance of 100
feet. This fact has been theoretically forecast and found - -

htrue in practice. For example, the water temperature (9,r)!I . . . . . .(5)b=
may increase 0.8'F in logging a 100 foot intervat at
depths of near 4000 feet. At the face of the oil sand

_ _

or zone taking water, there appears to be little or no
change in water temperature from the top to the

** 2I bottom of the pay. If the water temperature should kp,
be 80*F at the center of the pay, it will most likely 2 .

A ,9 " ' Pe Xbe 80.0 L 0.4*F for thirty to forty feet above and r ,

below the injection interval during the period of
*

injection. Recognition and field verification of this
permits one to formulate the equation for the J (ur)Y (ua) - Y (ur)J (ua) du
desired temperature fields. o o o o

-

i

in analyzing this problem, one may assume for 2 2
+ Y* (au) . .(6)engineering purposes, that there is a constant temperature J* (au)

difference between the water flowing in the hole slightly
above, into, and slightly below the pay, and the normal
geothermal temperature of the strata. This temperature See Note (b).
difference between the water and the sand may be on
the order of 20*F, but will depend on many things
including the time of year, well system, and previous Note (a). This equation was originally derived by
operating conditions. This temperature difference R. D. Carter for application to fracturing, but has
between the water and geothermal temperature is application here. See Howard and Fast API Drilling
accorded the symbol AT. and Production Practice 1957; Marx and Langenheim,

AIME Trans., Vol. 216 (1959).
i

The temperature change At in the rock at a
Note (b). A rather extensive literature is availabledistance z above or below an injection interval, out
on the evaluation of this integral. See Proc. Roy.a radius of r from the well at time 8, is given by:
Society Edin. A, 61 (1942) 229; Perry and Berggren,
Univ. of Calif. Publication in Engineering }, (1944)
59; Jaeger, J., Math. Phys., _34 (1956)316; Goldenberg,
Prod. Phys. Soc., B, 69 (1956) 256.

T
'~

T~- -. - _ _ -.
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SYMBOLS Constant "c" is used to project the temperature'

a = thermal diffusivity of rock at a later time, i.e. 24, 40 or 100 hours. These projected
O total injection time, hours values of temperature provide an excellent basis for f

=

9,r = time required for cool water to reach selecting the zones taking water. Tnis is illustrated
a radius r, hours in the following section.

2 = vertical distance above or below
injection zone, feet THEORETICAL EXAMPLE

AT geothermal temperature minus water The calculation of this theoretical example=

temperature *F assumed that water was injected into eight feet of
-

At temperature change in rock,'F oil sand at a depth of 4006 to 4014 feet. See=

q = water injection rate into pay thickness Fig. 5. The normal geothermal temperature at this
h, bbis/ day depth was 100*F. The water temperature reached

h = injection zone thickness, feet the sandface at 90*F and was injected at a high
k = thermal conductivity of rock rate for a period of about one week, aft 6r which
p = density of rock, Ibs/ft the well was shut in and the temperature profile
c = specific heat of overburden rock, secorded after one-half, one, and two hours. There

Bru's/lb'F was assumed to be no flow of heat or mixing of
C = thermal heat capacity of rock taking fluids in the well bore.

water Btu /cu. ft.*F
Figure 5 shows the temperature rise six feet,

above or below the pay ranged from about two to
three degrees F for a one half to two hour shut in2 -gerf(x) = e dg respectively. After 30 minutes, it will be seen that

TTT there was only a very slight warming of the pay.o
After two hours, the heat had penetrated a greater

The above equations may be used to forecast the depth as shown.

temperature in the rock during water injection. During
shut in, there is a temperature rise along the sandface,
and this rate of rise differs because the temperature h fasembm P'**

fieid of the zones taking water differs greatly from ' ' ' ' '
the zones not taking water.

During shut in, the temperature rise in the well soon -
bore may be calculated by relaxation techniques using 1.0 nouts

equations of the following type reduced to cylindrical
coordinates: g3_ r 2.0 Mouts

2 2 2 *~JT JT JT 1 JT ova suun+ + = .(7). ...

MJx Jy Jz J m- """"""#

The coefficientocis slightly different for the cos -
pay zone and the over or under burden.

oit san
,

*~The net result of the very significant dif-
ference in the temperature distribution in the L wata
pay and impermeable zones is such that a large et2 - nutcron settent

difference occurs in the rate of temperature recovery """ **""
at the well bore. If the actual temperature rise at gis - qvvvergqvvvvvrs
the well bore is recorded at the end of one half,

* one, two or more hours, the rate of the temperature
"~rise during this short interval may be used to forecast CED l' WJ

or project the temperature at a later period, such as
24, 40 or 100 hours. This is accomplished by use of 8018 -

equation (1).

Fig. 5 Calculated Tempercture Profile
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Utilizing the thirty minute temperature profile vertical heat flow effects develops sufficient valid
shown in Fig. 5 and equation (1), 48 hour projections data for computation. The extrapolated temperature

.

were made of the temperature. This projection is curves then approach the ideal projections to the
shown in Figure 6. The 48 hour projection indicates degree that accurate determination of zone extent and
an almost 100% temperature recovery in both the residual cc.oling can be made. This information can
over burden and under burden. A temperature tran- be realted to the proportionate distribution of injection

sition zone exists at the interface between the oil fluids,

sand and the conditions assumed here. This technique
provides a very sharp method of seiecting the The distortion of the recovery rate and
intervals accepting the injection water. vertical diffusion of temperatures observed in

extended time investigation is exemplified by
Fig. 7 and Fig. 8, analog plots of digital data.

EN0?S"
==.

Degrees in Fahrenheit

ex2 - 100 152 194 106 108

IVM tn tuit tp M RW M
7[f.s'O 2 3 e s $ 1ene . s m.su us e

) I. o,mg ,

.{ y %., , , , .

'i- --g5200g -

g u,e. |
"d ' Parker 3

a. .
"

so n-. .. | ..n

i

4.;l - |

l|
"

_+ i.., . ,

5300 p;g, 7
.

. u . . .

Figure 6 \ Digital
Plots

PRACTICAL APPLICATIONS
,

The development of these calculations is
predicated upon absolute, unaffected temperature .,
data at all depths. The methods of data gathering \
and the physical data collection points do not lend 5400 g
themselves to this concise information in actual \\
practice. Therefore, the ideal determination of
injection zones is modified by some degree by gg
the spurious heating effects observed at each collection .

9point. 2-- 30 siin. see shd in
3- 1% hrt after shut ti

identification of the actual zones of injec- 4Nn',"Yg i,
tion depends upon comparison of the residual AT ggegno [

\ dof the zone when the temperature in all non-
injection strata has recovered to ambient temperature.
The long term investigation necessary to observe
this recovery is time-consuming and is subject to Figure 7 is a gas injector in a Steohens County,
maximum effect from vertical heat flow. These Oklahoma Humphries Sand Unit. Injection was
vertical effects destroy the true proportional established through tubing into a 33 foot perforated
recovery within the bore hole and render the interval 5262 5295. Decay series fogs over a 24
information invalid for calculations. hour period showed little definition of the zone of

injection
The technique of digital recording of the

initial transient recovery rate, and extrapolation The commencing of a positive slope just be-
of these data through the period of low the perforated interval during the injection

.

. . . _ - .
>

. .

--

.
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run (No.1) seems to indicate the bottom of injec- . hole opposite each zone. The initial recovery rate
' tion at that point. The decay senes (actual measured opposite each depth is dependent upon the temperature

temperatures) displayed the point of slope change of the immediate surrounding field and the heat supply
downward to 5305, with the reduced rate of for recovery.
temperature recovery apparently extending from 5280
to 5305. Recovery rates toward ambient formation
temperature above the zone were retarded by vertical i , ,g j
averaging effects, eliminating the use of normal { -----7 ;

gradient as an established reference index. 100 102 104 les los 110 !!2 114 !!6 !!8 120 122 124 125
- Itl ! )~ f r ( *, o' ' ' ' " ' '* " #*Extrapolation of decay data from runs 1, 2, -(- 7

and 3 defines the zone of injection extending from I g |g\ p
,

3 5 .

2 -[-
,

approximately 5295 to 5314, at the base of the sand g
|

v;
,

segment. Extrapolation of data to the cut off point 5 -

| | |N
. ,

as defined by formula (1) was not accomplished with k
~-

the 24 hour extrapolation, indicating further extrapo- M | |}, lation to be necessary. The 48 hour extrapolation 7500 AttoRMAL NEAMG

y

| | |defined the zone prominently but did not extend to -
_._

,

) complete recovery above and below zone.
,

7 ; |
<o

-
|

|
' | > 8' l['i i

Extrapolated digital data disclosed information so
'

\that could not have been defined by long term [ ! I

investigation, since the temperature recovery in gas
. 2-30 mm. anar iu m

|
-

.

hfM')"e*$"injection zones is more rapid than that of water 7soo -

[, fzones. Had sufficient time been allowed for optimum
20

g enou tnters 5-24 wwiane est a . i
,j 'j , g g

'

recovery of non injection zones, the zone of injection
,

Jalso would have nearly recovered. Very slight 4, .|
anomalous conditions would have been available for | j- QI (i'

;

interpretation (observe recovery actual run No. 5). 88
| g

9 g .

.
,

,

Figure 8 demonstrates the use of digitally |
77eo 'computed temperature logs in a well that incorporates

|
! { | | 1

an inaccessible injection zone. This dual water injector
is injecting into two strata, through tubing into the Fig. 8 Annular injection Temperature Survey
lower, and annular injectic,n into the upper. The two
zones are separated by a packer.

I

1 Decay curves run over a 24 hour period
indicate that the vertical extent of the zones is much

'

greater than determined by the 24 .1d 48 hour
extrapolations. There is a zone, 7490-7510, that
shows abnormally rapid recovery rate. These effects The heat source for recovery rate of non-

serve to confuse the data derived by actual logging injection zones is established at some finite radius;
by creating a negative slope above the actual zone therefore, the heat for recovery opposite injection

,

of injection, zones also must be considered at this radius. (Fig. 9)

Extrapolation data projects the non injection
.

zones above 7542 to normal gradient, irrespective The cooling effected at the established radius
of the varying rates of recovery, and identifies is dependent upon the ambient to injection AT and
actual zone of injection, 7542 7578. Influence of rate of fluid progression from the bore-hole to this
the packer seen on the actual curves is eliminated, radius. For example; equal volumes of fluid at the
The additional perimeter cooling observed in the same temperature moving through identical zones
lower zone, 7665 7680, is shown to be a non- (thickness porosity, etc) arrive at any finite radius
injection zone. even though the injected fluid is with the same AT ratio with respect to ambient
leaving the well bore throupi all perforations, 7628 formation temperature (with some correction for
7680. Since both zones are accepting 100% of the diffusivity). This provides a temperature source at
applied injection, no proportional distribution break. that radius for recovery in the bore-hole that is equal

down is indicated. Determination of the thickness in influence. The initial rates of recovery observed

of the injection zone allows for proportioning of the would project to the radius source temperature at
the same time in both intervals.residuel accumulative cooling observed in the bore-

. ? :- --. .. . . _ . -. f~~
- .n , > y u . . . , . .
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.

h-run amuse The residual AT at the extrapofated optimum -.ammat ansu
* " '

recovery time then reflects the temperature at the:

f
,

'
| established equilibrium radius during injection. Since

i the temperature at the formation faces can be
'- j considered constant under injection conditions, the( ,

A/l AT relationship at equilibrium radius depends'

_ um- upon fluid velocity through the formation. The,

I/ A/l A T then becomes a function of zone thickness(
J_- - ' ' ' and relative distribution of injection fluids.,

Q '%% ~a G
* 'l

. ," ] The temperature at a given radius can be.

-
' predicted under uniform conditions, and any variance

~ , , _ q is considered proportional to fluid distribution between.

'g ,
,

. the zones. The zone compensated AT is derived by
' . , .

. . . - - - measurement of the magnitude of residual cooling'

' '

indicated by the extrapolated temperature curve'
(lateral deflection of the curve) and the thickness<

1
'

of each zone being evaluated. The predicted ideal
k : AT is calculated for each zone assuming the fluid2 - ---- w distribution is proportional to zone thickness. The-- - .. '

ratio of disparity between actual (compensated) AT
Fig. 9 - Heat for Recovery Opposite injection Zones and predicted AT is then used to adjust the fluid

proportioning in each zone.,

Fluids moving through identical zones in dis- Figure 10 presents graphic representation of

proportionate amounts vary in velocity through anal g charts of actual loggMg mns, sing 4 point
formation, and will arrive at the established radius A/l AT, zone compensated distribution, and

rad active profiles derived by two methods.with the injection ambient AT reflecting this same
disproportion. The radial temperature sources for
well bore temperature recovery exert unequal The radioact.ive surveys reflect the difficulty

influence and the rates of recovery vary in pro- in acquiring profiles in shot holes and highly irregular
,

portion to the unequal temperature effects. bore-holes, but comparison of the profiles derived by
separate methods identifies the major zones of fluid

These data can be derived from well bore loss. Disagreement over short intervals is due largely
readings only if the vertical heat influence is to the mechanics of spacing inherent in each of the
disregarded. The digital method of recording and techniques.

extrapolating from initial shut in data minimizes
the vertical heat effects observed in the ultimate , Temperature decay series (actual measurementi
result and can be considered as reflecting only curves define the gross interval of injection
lateral heat transfer effects. quite prominently, with the exception being

Fig.10 - PROFILE COMPARISONS
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L
J* that the injection seems to extend past logging depth. The reduced heat in the thin injection zones
1 (Note no apparent heating at bottom of log). Twenty- adjacent to those accepting injection does affect

four hour extrapolation based on the digital data from the radius temperature. These effects have not
runs 1, 2, and 3 shows the differences in residual yet been programmed; therefore, percentages of
cooling expressed as AT from normal gradient at each residual cooling indicated in closely sandwiched
sampling point. Extrapolation should have been carried strata represent the fluid distribution some portion
one step further (40-48 hours) for more complete higher than actually exists. Proportions are more

. recovery of non-injection zones, but the AT in the representative of true distribution when an obvious
injection zones will remain in proportion. Since the zone separation is observed on the extrapolated
total injection zone is visible, the percentages repre- temperature curves..-

sented on the bar graph are merely the proportioning
of the residual AT at each depth.

The 16% reading at approximately 4752 54 is
not representative of the total cooling effected in
this zone, due to the. pilot computer scanning pro- CONCLUSIONS,,

gram. The point of maximum cooling was skipped
'and the depth immediately above it was selected.

The point of maximum cooling calculates 21%.
,

The zone corrected profile more nearly
represents the formation fluid distribution over Digitally recorded and computer extrapolated
intervals although the thin zones are not defined temperature logs do provide data for precise definition
prominently. of zones of injection. These methods of recording and'

techniques of logging gather data which can be
Good agreement with the total interval dis- supported by calculations based on known principles.

tribution is apparent when the increments defined Valid quantitative evaluations of temperature logs
by the RA profiles are included within the zones is within the scope of the immediate future,
represented by the temperature definition.

There are many factors which tend to confuse
Multiple zones still have an added correction the gathering of these data that have not yet been

factor to be applied to compensate for the addi- compensated in the present logging techniques,
tional cooling of the " sandwiched" zones under but continued experience will indicate methods to
injection conditions. (Figure 11) minimize these effects.

.
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ABSTRACT
1.

Effective waterflooding requires knowledge of where were located at areas of well bore diameter changes and

.
the injected water is going, particularly in highly stratified in uniform pipe sections. Profiles were constructed

t reservoirs. Injection profiles are more commonly obtained using both the tracer. velocity and tracer logging techniques
using tracer velocity measurements and tracer logging with a variety ofinjection rates. Comparisons of the survey
techniques. The eticulation of the tracer velocity method results with the actual flow rates provided information to
is dependent on well bore diameter ir. formation. The cali- define the problem and correction factors to use to obtain
pered diameter is not the true now diameter, and the selec- the maximum accuracy.
tion of the more accurate now diameter has created inac- The correction factors were apphed to field injection
curacies more particularly in irregular bore holes. A well profiles using the tracer. velocity technique resulting
common practice for velocity profiles was to avoid irregular in a noticeable improvement in the accuracy ofinterpre.
well bore sections and limit the readings or stations to ta: ion. A suggested procedure is presented for interpre-
more uniform areas. This practice hmited the deGmtion of tation of tracer. velocity loggmg methods to the industry.-

zones of injection. The application of correction charts for tracer. velocity
~

To provide more accurate and complete injection logging will provide improved information for all sections
profiles,a test well was designed with uniform and non. of the well bore.
uniform well bore sections. Accurately metered outlets

F
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1 INTRODUCTION accuracy cf profiles in an irregular shaped h:le from '
.

'"
which kn:wn leak off rates could be established as i

i Since the first usage of injection and production pro, determined by the tracer velocity technique and
-

files using tracer velocity logging techniques with the "Self Profile Method.' Ref. I
interpretation method based on hole diameter infor.

*

mation, there has been difficulty in obtaining reliable TEST EQUIPMENT AND METHODS
information in irregular bore holes. The major areas of The basis for this study was a series oflarge scale
difficulty have been in the vicinity of hole size changes. tests performed at the Pan Amencan Research Center,
, A typical example of the errors of calculated veloc- Tulsa, Oklahoma. Four different apparatuses as shown
sty data is shown in Figure 1. on Fig.1 in the appendis were used to simulate vanous,

The velocity measurements recorded from 4950 to well bore configurations with diameters varying from

4970 were in a sec son of non uniform diameter well approximately 4 3/4 inches to 23% inches. % ater was
flowed through these apparatuses at various rates andbore as shown by the caliper survey. The usual practice
controlled leak off points were installed at sclected-.

was to delete the enatic velocity data and construct an
average profile throug.h this section or use the Self sections of the apparatus. A 13/8" standard tracer

Profile to determine the Guid losses. ejector tool with dual gamma ray detectors was used

The primary purpose of the study herein reported was to make readings at various locations in the cells.

to investigate the influence of hole diameters and hole These readings were then converted to Dow rates

diameter changes on the validity of tracer ejector read- and compared to the actual flow rates which were

ings. The secondary purpose was to investigate the simultaneously being metered.

-

FIGURE I
.
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I
Two types of profihng techniques were investigated ejections were made at various now rates and under

during this study. The first technique.the tracer velo-
various well bore configurations. The standard method

city profile. involved the ejection of a sm.ill solume of
was used for determinmg transit times (point at which

water soluble radioactive tracer matenalinto the now
the leading edge of radioactivity departs from the base

stream,then observing the length of time required for
line) and the actual hole diameter,as would be deter-
mined from a caliper log. The flow rates calculated

the material to pass two detectors spaced five feet
apart. This time is an inverse function of the Guid

(Equation 1) from the traeer velocity were too high in
218 instances. The average error was 117%.

velocity which msy be coc...ted to rate by knowing the A study of these individual ejections was then under."

hole diameter using Equation I. taken to determine which factors appeared to contribute
The second method investigated was the "Self to these large errors. This study revealed that the errors

Profile Method.'' This method measures the radiation were nearly uniform at alllocations in the hole except
intensity of a moving slug of radioactive materialin the where the detectors were within or immediately below
bore hole. As water islost to the formation,a decrease an abrupt hole diameter increase. This is graphically
in intensity is observed providmg information for con- illustrated on Figures 11
structing an injection profile independent of hole
diameter. FIGURE II

D~ ~~
-

TEST PROCEDURES
The first series of tests were performed on the

apparatus as shown in Fig.1 A of the appendix.
Metered water flow entered at the top and exited to - PERCENTAGE BY WHICH

I at the bc,ttom. The tracer ejector tool was stationed TRACER VELOCITY RATE
EXCEEDED METERED R ATEat five different locations in the apparatus and velocity

readings recorded at several different metered now rates.
A total of 43 readmgs were made as shown on Table 2 22%
of the appendix. 20 -

The second series of tests were performed in the appa- 22

ratus as shown in Fig.1 A of the appendix. The metered 22

straight through flow was held constant and 48 velocity 47
measurements were made at different depths as shown ./ 62
in Table 3 of the appendix as bursts 44 through 41.

The third series of tests were similar to the previous 30 - 83

tests using the apparatus shown m Fig. IB in the appendix g3

Fifty-one velocity measurements were made and are / 72*

shown as bursts 92 through 142 on Table 4 of the 7 39
appendix. ;/ p

g#p39The fourth series of tests utilized the apparatus g_
shown as Fig. IC in the appendtx. Twent) cight O * - 16

*-
velocity measurements were made with straight W 23*-
through flow and are shown as bursts 147 through i 23*
174 on Table 5 of the appendix. g-

w . 23QThe fifth series of tests utilized the apparatus as shown go _
--23as Fig. Id in the appendix, with Gow from bottom to top. e-

The tracer ejector tool was reassembled with the detectors 16p
on top and 20 ejections were made shown as bursts 230 .#through 249 on Table 6 of the appendix. 16'

20The Onal series of tests were run in the apparatus so - /as shown in Fig. IC in the apperidix and had controlled 20

. /g 7leak off at different elevations. The leak.off points at p 20'

{f t.e interrrediate depths consisted of four 1/2 inch - 27
h. des on a singt: horizontal plane that were manifolded _ ._

ti.eether with 1/2 irich copper tubing. Each set of |__ te
70 - N _y$

h.eles had a single now line with suitable valves and
nwters to control and measure leak off rate.

; N

N%5
h it

RESULTS AND INTERPRETATIONS go _
20Tests on influence bf Hole Geometry and
20Validity of Tracer Velocity Flow Rates
20During this phase of the investigation,a total of 220

e -Q _

;' *y_.<.
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This observation was not unexpected. When the top
meter of the same volume as the hole section being ..
considered. This is equivalent to the square root of

detector or even the ejector is in a small<!iameter
the weighted average of the squares of the diameters.-

section of the hole,the tracer is ejected into a high in the standard interpretive procedure, equivalent dia-
velocity stream and passes the first detector at a meters per se are not calculated as they merely utilizehigh velocity. This velocity is not reduced for some interval capacity in barrels; however, the two methodsdistance after the stream passes into the larger hole
because of the nozzle effect of the small pipe. are equivalent.

A similar but opposite effect was expected when log-
The hole diameter increases investigated in this series

" ging in the vicinity of a hole diameter decrease;however,
of experiments were as follows: (a) 5.012 to 7.921",

a study of the individual ejections tabulated in the (b) 5.012 to 11.084", (c) 7.921 to 11.084", and

appendix reveals that the errors under these conditions (d) 4.892 to 23.625" The flow rate or linear velo-
are basically no larger than when logging in relatively city must have an effect on how rapidly the nozzle-

uniform diameter sections of the hole. That is.when
effect disappears; however,the data collected were-

not sufficient toisolate this effect. The ratio of thethe top detector is in a large diameter hoic and the
bottom detector is a smaller hole,the equivalent hole

hole diameters was found to be the controlling factor. I

diameter is the diameter of a cylinder of uniform dia-
,

FIGURE III
14

1

$
e
N 12
<
w
e
U
E
c:

$ ' 10w
2
5
O

$
O
Z
O 8 o -

e
O
U

#
w 6
O
E
O
$
O
co

2
w 4

* w
$
5
m

a y
~

U .Z

$ 2
a_
0

0
1- 2 3 4 5 6 7

R ATIO. Oh (L ARGE) / Dh (SM ALLI

. . +



- - _ _ _ _ -

.

,

$
WILLI AM G. BEARDEN, R. D.COCANOWER, DAN CURRENS, MAT DILLINGHAM

SPE.3685.

I increase in hole diameter. To avoid large errors, the
Fig.111 shows a plot of the distance that the bottom distance the bottom detector must be from the hole
detector must be below .ihole diameter meresse as a diameter increase was found to vary directly with
function of the diameter ratio in order for the etTects of the the ratio of the hole diameters; varying from 7.5
increase to disappear. This plot shows that if the hole feet at a twofold diameter increase to !! feet atdiameter increases abruptly from 6 inches to 15 inches

fourfold increase in diameter. At a distance closer(ratio of diameter equals 15/6 = 2.5), the bottom to a diameter increase than indicated by the above
detector must be approximately 84 feet below this re;ationship, the errors resulting from the use of the.

increase to observe reliable data actual hole diameters are so large that the readings
The pronounced effect of a hole diameter increase are meaningless.

may be clearly seen by separating the 220 ejections The extreme bias of the flow rates calculated by
on the basis of Fig.111 A total of 184 ejections were use of the actual hole diameters (the rates were too
made in which the distance between the bottom high 218 times out of 220) suggested that the data
detector and a hole diameter increase exceeded were not being properly observed or applied.
that indicated by Fig.111 These shots then were Accordingly, studies were made to re-interpret the
not under the influence of a hole diameter increase. data to see if a method or methods could be devisedThe flow rates indicated by the tracer. velocity (using that would cause the errors to be more normally distri.
the actual catioer diameter) were too hich in 182 buted around zero. Because of the large differences in
ejections;however, the average error was only the errors where the readings were strongly inSuenced
24.4%. Thirty.six ejections were made at locations by a hole diameter increase, these readings were isolated
nearer the hole diameter increase than shown on
Fig.!!! . The flow rates calculated from the tracer-

and treated independently.

velocity were all too high and the average percent Ejections Not Under the Influence
error was $89%. As expected, the largest errors of a Diameter increase
were observed when logging immediately below As previously mentioned, there were 184 shots not

the most severe hole diameter increase (4.89. under the influence of a hole diameter increase. The
il w rates f these shots were too high by an average

e al e nelustions can be drawn from these f 140 bpd or 24.4%. Table i presents a summary of

observations. First if the actualhole diameteris the statistical analyses performed on the errors using
used to compute the flow rates from tracer. velocity the standard method of interpretation. It is seen that
data when the transit times are picked by the standard the average error is excessive, and if data pomts with
method, the rates will always be too high. Secondly, ett rs greater than 50 bpd are rejected,only 5.4% of
the errors between the rates indicated by the tracer. the shots would be considered reliable. Also shown on
velocity data and the true flow rates are nearly uni- . Table 1 are similar values for other procedures de.
formin all hole configurations except where the scribed in the following portions of this paper.
detectors are within or immediately below an abrupt

TABLE 1

Statistical Summary of Interpretive
Methods for fie Analyzing Those Shots

-

Not Under the influen:e of a Hole
Diameter increase

'

t Percentof ShotsWith
! Avg. Error Error Errors Less Than' . _

i Method bpd Percent Variance 100 bpd 50 bpd 25 bpdio

Standard 140 24.4 7,863 32.6 5.4 2.2 .

Procedure*
-

.
Reynolds Number

Correction + 57 7.5 4,914 80.4 56.0 23.9
'

Peak to. Peak
Transit Times 15 5.5 16,411 63.3 38.5 13.8

'

Empirical
Correlations

s

First Order 0 0 4,858 91.8 68.5 53.3

Second Order 0 0 4,544 92.9 71.7 42.4

Third Order 0 0 3,873 90.8 74.5 45.1

Peak to Peak 0 0 16.569 67.9 42.2 23.9

Reynolds
Corrected 0 0 3,715 94.0 73.9 51.6

. -

a__ h *O * * * ' :,. - m._ . .y_'
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The first interpretive method investigated assumed

that the tracer was bemg picked up by the fastest moving
values versus the true flow rates. This equation is shown

part of the stream and was, therefore, reflecting the max- as Equation 8 in the appendix. To apply this correlats i.
,

the Reynolds Number would be calculated. the inds
imum velocity rather than the average velocity. A graph- cated flow rate would be corrected according to theical representation of the velocity distribution around a
logging tool is shown on Fig. 2 in the appendix As the relationship shewn as Fig. 3 of the appendix (Ref 2.

velocity distribution is a function of Reynolds Number, and then this corrected flow rate used to calculate ti e
final flow rate by means of the empirical relationshythe values of Reynolds Number were calculated (using shown as Equation 8 of the appendix.

Equation 3 of the appendix) for each of the 184 ejec-.

tions. The ratio of the average velocity to the max.
~ imum velocity was then determined by the relation-

ship shown as Fig. 3 of the appendix and multiplied This is a rather tedious procedure and does not se-m
'

by the previously determined value of flow rate to justified in view of the fact that the third order cor-
*

arrive at a corrected value. The analysis of the error
distribution is shown on Table 1 as "Reynolds Number

relation between the flow rate indicated by the trace
using actual hole diameters and the metered rates isCorrection."
about as good and much easier to apply. This empiri .I
correlation is given as Equation 6 of the appendix an.
is shown graphically as Fig. IV of this report. This or/

It is seen that this method makes an appreciable relation will cause approximately 75 percent of the

improvement in error distribution in that if all shots ejections to have errors less than 50 bpd and since th.

with errors greater than 50 bpd are arbitrarily re- error mean is zero, the average of a large number of

jected,56.0"o of the readings are reliable. Also, the readings should give flow rates quite close to the
true rate.

average error was reduced to 7.5%;however, this
method over. corrects the flow rates. Of the 184
shots considered, the corrected flow rate was too
high only 19 times and was too low 165 times.

As this correlation contains a negative term in
which the flow rate is raised to the third power, the

The third interpretive procedure considered curve shown as Fig. IV should not be extrapolated

consisted of reviewmg the recorder charts and beyond the values shown, nor should Equation 6
,

*

picking the transit times from the peaks of the of the Appendix be applied to flow rates outside

radioactive response at each detector. This is the range of rates specifically considered in

illustrated on Figure 4 of the appendix. There this report.

were 109 ejections not influenced by a hole
diameter increase where definite peak to. peak
times cou'd be picked. Table I shows that
while this method further reduced the average error,
the variance,which is a direct measure of the scatter
of the errors, showed a large increase. This is re- Ejections Under the Influence
flected by the fact that only 38.5% of the shots of a Diarneter increase
had errors less than 50 bpd compared to 56.0%
of the shots for the Reynolds Number corrected The method pres'ented above is believed applicsNe ivalues. alllocations m a well except where the bottom detste

is closer to a hole diameter increase than defined ir-
Fig.111. In most we!!s.such areas can often be avendec
however,in some wells, reliable data near a hole d.ame.

At this point, attention was directed toward inves- increase is quite important. Considerable study w n de
tigating strictly empirical correlations to improve the voted to the 36 data points within or immediatch hele
accuracy of the data. Five different correlations were a hole diameter increase.
made with the aid of the multiple regression and cor-
relation analysis computer program. Equations.

4,5,6,7 & 8 of the appendix.
Peak to-peak transit times were available on ." of e

36 ejections near a diameterincrene. The error of
these 25 shots using peak to peak transit times a eie

The method that minimizes the scatter of the errors
compared with the errors using the standard method a

would be one with a minimum value for the variance, picking transit times. This comparison is shown c

and from Table I it may be noted that the correlation Table 7 of the appendix. It revealed that while the

with the smallest variance was a first order equation peak to.pcak method made a significant improvement
in results the errors were still excessive (an average ofbest fitting the plot of the Reynolds Number corrected
385%) and were still heavily biased.

J

.

g 6 h p p n 8J
,
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Numerous cther attempts were made to relate velocity the err:rs ranged from 76.5% too high to 34.9% too Ic=. ,
,

flow rates,etc.. with distance to devise a method for The error variance was 43,129 and the distribution of

predicting hydraulic diameters;however, the relation- the errors was as follows:

ships were quite vague and erratic. The most secure
The error was less than 100 bpd in 55.5% of the

relationship derived is that shown on Fig. V, which bursts;Iess than 50 bpd in 36.1% of the bursts;
.

,

is a plot of distance from the hole diameter increase and less than 25 bpd in 22.2% of the bursts,
By comparing these values with those shown onversus the ratio cf the hydraulic diameter to the

Table I for the shots not under the in0uence of adiameter of the smaller section of hole. By knowing
the location of the tool and the diameter of the

hole diameter increase,it may be seen that even ti.ou.n

small hole, the hydraulic diameter may be determined the method of Fig. V uniformly distributes the error-

from Fig. V. This hydraulic diameter is then used to around zero, the scatter is quite large and the percen.

calculate the flow rate from the tracer velocity data. tage of shots with errors less than 50 bpd is fairly
small. This suggests that less reliance should be pinec

* This method for calculating flow rates near hole dia- on ejections near a hole diameter increase than on
- meter increases was then applied to the 36 ejections ejections made elsewhere in the hole. If such readn es

observed in this study and compared with the true flow are required,however,the method of Fig. V shout.:
rates. This comparison is shown as Table 8 of the be employed. The fact that the errors are distributeJ
appendix. Of the 36 ejections considered. this method around zero also suggests that dupheate settings
Fave rates too high 17 times and rates too low 19 times. should be made and averaged.
The mean of the errors was 16 bpd or 4.45%; however,

FIGURE VI
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- Suggested Interpretive Procedures Evaluation of Profiles

lhe above correlations can serve as a basis for inter- The final phase of this investigation consisted of
wimg tracer velocity data in the field as follows: tests to determine profiles under controlled leak-off

.p Determine what ejections are under the inGuence conditions by means of the tracer velocity technique
of a hole diameter increase by means of Fig.111 and by the "Self Profile Method". The logging person-

2) - If the ejection is sufficiently removed from the nel did not know the location of the leak off points
meresse so as not to be under its mfluence, and they were given no recommendations as to the -
calculate the flow rate from the transit time picked number or location of ejections that should be made.

by the standard method and the actual diameter Finally,since these profiling tests were made at the
as reflected by the cahper log. The rate so cal- same time as the data previously discussed were

culated should then be corrected by means of collected, the correlations and judgment gained

Fig. IV. from this study were not applied to the profiling
if the ejection is under the influence of a hole tests-ee
diameter increase as predicted by Fig.111 The results of these profiling tests are shown

estimate the hydraulic diameter from Fig. graphically in Fig. 5 of the appendix. The three
V, and calculate the flow rate from this value. tests involved a total of 8 separate zones ofinjec-

it is believed that these procedures will improse tivity. Seven of these zones were near a hole diameter

nterpretation of tracer-velocity data. It should be change while the other was at the bottom of the
<ccalled,however, that these procedures are merely simulated well. The test conditions were, therefore,

techniques that cause the errors to be distributed fairly severe.

around zero. Errors will still be observed. The tracer velocity technique located all eight

The suggested interpretive procedures were apphed zones of injectivity; that is, the actual zone of injec-
to tha proGle shown in Fig.1. The resulting profile rivity was contained within the interval indicated by i

shown in Fig. VI presented more rehable information the survey. The zones were riot defined depthwise

through the areas of diameter changes. as accurately as desired, however, as the surveys
The data presented herein can also serve as a basis generally showed the losses to be within six to ten

lor judgment in choosing between conflictmg values. foot intervals,whereas these were actually on a!
even after the rates are corrected by the above methods. horizontal plane. Better depth defimtion could have
For example, larger scatter is observed when interpret- been obtained by making more ejections,but since

mg ejections under the influence of a diameter increase. most of the zones were near hole diameter changes,
Shots further removed should therefore be given pre- ejections were limited in such locations. The analy *
ference. Also, poor reproducibihty was observed in sis herein presented has shown that the errors near a
bursts such as 96 through 99 (see Table 4 of the hole diameter decrease are not large and more ejections

appendix)in which the ejector was in a large dia- in such cases could have provided rehable data.

meter hole while the detectors were m a smaller As expected,the tracer velocity data indicated Gow
hole. These four ejections were duplicates:yet the rates appreciably higher than actually imposed.however,
errors ranged from 20% too low to 20% too high. the zonalleak off expressed as a percentage of the total

'this suggests that readings of this nature be discounted. flow was fairly accurate.
Finally,it was observed that deGnitive transit times All zones ofleak-offin these three tests were also
are sometimes difficult to pick when the radioactive bracketed by the intervals located by the Self Method.
tracer becomes badly dispersed. Weak ejections in the one test with loss at the bottom, the Self

and/or low flow rates cause this dispersion and such Method indicated the loss to be in the lower 28 feet
,

of hole. When the loss is near the bottom of the hole,
readings should be discounted.

a tracer slug ejected near the top becomes quite dis-The fact that none of the interpretive procedures
ehminated all errors suggests that there are other factors Persed as it moves down through various hole configur.

ations. When it enters a smaller hole near bottom it isaffecting the readings that are not being considered. As
discussed above, many of the errors noted in this study dispersed even more and its velocity is increased such'

are the result of the inability of the basic data (transit that only a limited number of passes through it with
.

time) to repeat itself under duplicate conditions. No the logging tool can be made. Also, the inability to
satisfactory explanation for this is apparent; however, pick an exact depth to make an observation is a limita-
it is easy to nsuahze that centralization in the hole tion of the method.,

'

' - could have a marked affect. The toolis not centered The Self Method defined the amount of flow (expres.,

f and in small diameter holes, or in relatively uniform sed as a percentage of total flow)into each zone fairly,
diameter holes, the tool would be resting against the satisfactorily. Also, when the zones ofloss were not

I wall. In some shots.the tracer could conceivably be near the bottom of the hole, the indicated zones could

ejected into the faster stream of water while in others be made more derimtise by assunung that the actual
i

) it may be directed more toward the wall of the hole, loss wasin the zone of overlap from both the tracer.

Also, st is possible that under certain conditions, velocity and the Self Method.
the tool could be swaying in the stream of water in
a manner similar to flutter of a structunt member.

.

- .
, - - -- -- -- .
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SUMMARY AND CONCLUSIONS
EQUATIONS

A comprehensive study of tracer. velocity logging
under controlled conditions of hole geometry and flow Standard Method Flow Rate
rates revealed the followmg.
(1) If the actual hole diameter is used to compute the Qi = 419.656 (D'-1.890625)h I.. .

flow rates from tracer velocity data, the rates will to
always be too high.

Where Qi = indicated flow based on actual hu-
(2) The errors between the rates indicated by the diameter, bpd

tracer velocity data and the true flow rates are Dh = actual hole diameter between de-
nearly uniform in all hole configurations except tectors, inches
where the detectors are within or immediately = observed time for tracer to panto
below an abrupt increase in hole diameter. between 5 foot spaced detectors,

(3) To avcid large errors, the distance the bottom seconds

detector must be from a hole diameter incre:se ifydraulie Diameter
was found to vary directly with the ratio of the
hole diameters. ranging from 7.5 feet at a two- HD = if(Om) (t ) + 1,890625

(2
fold diameter increase to 11 feet at a fourfo!d V 419.656

n .
.

diameter increase.

(4) The bias in the errors of the shots not under the Where HD = calculated hydraulic diameter
innuence of a hole diameter increase may be Qm = true now rate as determined by
eliminated by means of an empirica! Gow rate meters, bpd

correlation. This correlation effects an error Reynolds Number
me.n of zero; therefore, the average of repeated Re = Dv . (D -l.375)(5)(62.4)readogs should approach the true rate. hP 33I

(5) A m.thod was devised to predict hydraulic dia-
*n (12)(t )(1.2028)(0.000672.

,./
o

me'ers when surveying in locations under the Re = 32,166 (D -l.375)
ir;iuence of a hole diameter increase. This h

l

method distributes the errors around zero, o

but the scatter is large and such readings should First Correlationbe discounted. '

(6) An evaluation ofinjection profiles obtained Orn = 0.8766 Q -33.88
from tracer.velocit) data and from the Self i . . .... .. 4)..

Method indicated the tracer veiocity measure- Where Om' is the calculated value from the
ments more accurately located the zones of empirical relationship.
injectivity and should be given preference.
The Self Method, however, was effective within Second Correlation~

certain limits and should serve as a valuable g , ,= 1.0649 Q - 9.6651 x 10 0 -105 o- iadjunct to the tracer. velocity method. m a i
(7) The fact that the correlations herein presented Third Correlation

only distributed the errors around zero and did
O = 69.56 + 0.2569 0, + 9.1347 x 10~4Q(

,

not ehminate them infers that factors not con- m

sidered in this study are affectmg results. Too!
-3.5804 x 10-70' 'centrahzation may be such a factor. Fourth Correlation

REFERENCES: Q ' = 1.00505 Q -19.7'm ip -
i1. Self,C and Dillingham, M: "A New Fluid Flow Fifth Correlation

-

Analysis Techniq se for Determinmg Bore Hole O ' = 0.91194 Qje + 5.79
-

Conditions". Paper No. SPE 1752, presented at
. m ......... t

SPE S
Texas.ymposium March 5 7,1967. Fort Worth.

2.
Dr. Paul B. Crawford, Texas A & M University. ,*

** Interpretation ofinjectivity Profile Loggm
Data"; Prepared for The Western Company, gNov. I8,1964.

_ <
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r)STREAMLINE VELOCITY DISTRIBUTION WITH GAMMA RAY
'

I.

TOOL IN HOLE

l
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FIRST SERIES OF TRACER-VELoc1TY TESTS
APPARATUS SHOWN ON FIGURE ~ la

Burst Detector Depthe Mole Dio. Time. Flow Rete, bpd Ratio Nydr Die le to

lodicated Q Metered, q, Q,/q, up in. e -]{uo. 1st 2nd Dh. in. t,. see i

1 24 29 5.012 51.6 189 129 1.465 4.213 *.

2 24 29 5.012 51.6 189 129 1.465 4.213 se:

3 24 29 5.012 28.4 343 256 1.340 4.384 e F*.
.

4 2A 29 5.012 28.4 343 256 1 340 4.384 . r!

5 24 29 5.012 16 609 508 1.199 4.611 a20 e

6 24 29 5.012 16 609 508 1.199 4.611 920

7 24 29 5.012 16 609 508 1.199 4.611 e20
*

8 24 29 5.C12 9.8 995 827 1.203 4.605 919

9 24 29 5.012 9.8 995 827 1.203 4.6C5 e19

10 24 29 5.012 6.2 1572 1319 1.192 4.624 823
* '

11 24 29 5.012 6.2 1572 1319 1.192 4.624 923

12e 54 59 7.921 103 343 130 2.638 5.814 736

13 54 59 7.921 125 204 130 1.569 6.373 40-

14* 54 59 7 921 115 222 122 1.820 5.943 '.

+

15 54 59 7.921 137 186 122 1 525 6.459

16 54 59 7.921 15.1 1691 1445 1.170 7.341 +

17 54 59 7.921 15.1 1691 1445 1.170 7.341 ,

18 54 59 7.921 20.4 1252 1136 1.102 7.557 -

19 54 59 7.921 24 1064 974 1.09 2 7.589

20 54 59 7.921 24 1064 974 1.092 7.589
4

21 54 59 7.921 28.5 896 772 1.161 7.370

22 54 59 7.921 28.5 896 772 1.161 7.370

23 54 59 7.921 34.7 736 616 1.195 7.268

24 54 59 7.921 34.7 736 616 1.195 7.268 ;

25 54 59 7.921 60.5 422 310 1.361 6.825 .+ -

t

I

26 54 59 7.921 60.5 422 310 1.361 6.825 x.

27 54 59 7.921 124.5 205 166 1.235 7 151 v

28 43 48 7.921 16 1596 1495 1 068 7.674

29 43 48 7.921 18.7 1366 1168 1.170 7.344 .

30 43 48 7.921 18.7 1366 1168 1 170 7.344 4

31 43 48 7.921 25.8 990 812 1.219 7.198 -+

32 43 48 7.921 41.9 609 485 1.256 7:093 ** 5

33 43 48 7.921 41.9 609 485 1.256 7.093 +5 $

34 43 48 7.921 203 248 163 1.521 6.473 417

35 41 46 7.921 15.1 1691 1506 1.123 7.489 .5

56 41 46 7.921 26.5 964 815 1.183 7.304 622

37 41 46 7.921 42.6 599 485 1 235 7.1 50 +03

38 41 46 7.921 102.4 249 166 1.500 6.511 e22

i 39 37.5 42.5 7.921 44.5 574 482 1.191 7.280 e19

'

40 37.5 42.5 7 921 27.6 925 827 1 119 7.520 v47

41 37.5 42.5 7.921 15.1 1691 1351 1.252 7.106 997

42 36.5 41.5 7.921 le 1596 1351 1.181 7.307 922-

43 36.5 41.5 7.921 24.1 1060 818 1 296 6.990 882

'
.-

4

J

e At these low flow rates, response et second detector le bedly epreed. LA departure pointe for deterstat 4 t ,
were not too definitive.

TABLE 2APPENDIX

.
,
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SECOND SERIES OF TRACER-VII.0 CITY TIST5
AFPARATUS SHDia ON TIGURI la

Surst Detector Depths Hole Dia. Time, Flow Rate, bpd Ratio Hydr Dia Ratio

Ns. 1st 2nd Dh, in. t,, see Indicated Q Hetered, Q , Q /Q, MD, fa. ED/Db
g g

44 72 77 4.778 10.7 821 6 66 1.197 4.402 .921
*

45 70 75 4.778 10.7 821 686 1.197 4.402 .921

46 69 74 4.778 10.7 421 686 1.197 4.402 .921

47 68 73 4.778 *;.6 758 686 1.105 4.566 .956

48 68 73 4.778 11.6 758 686 1.105 4.566 .956

49* 67 72 5.179 13.3 787 686 1.147 4.861 .939

50* 66 71 5.899 17.8 776 686 1.131 '5.567 .944

51* 65 70 6.541 20.2 850 686 1.239 5.909 .903

52* 64 69 7.125 24 855 686 1.246 6.413 .900

53* 63 68 7.665 29.4 812 686 1.184 7.068 .922

54 62 67 7.921 29.4 869 686 1.267 7.068 .892

55 61 66 7.921 29.4 869 686 1.267 7.068 .892

56 52 57 7.921 32 798 686 1.163 7,362 .929

57 58 63 7.921 32 798 686 1.163 7.362 .929

58 59 64 7.921 31 824 686 1.201 7.250 .915

59 60 65 7.921 31 824 686 1.201 7.250 .915

60 el 66 7.921 31 824 686 1.201 7.250 .915

61 72 77 4.778 12.5 703 686 1.025 4.725 .989

62 72 77 4.778 12.5 703 686 1.025 4.725 .989

63 72 77 4.718 12 732 686 1.067 4.638 .971

64 48 53 7.921 30.2 846 686 1.233 7.159 .904

65 43 48 7.921 30.2 846 686 1.233 7.159 .904

66 41 46 7.921 30.2 846 666 1.233 7.159 .904

67 39 44 7.921 30.2 846 686 1.233 7.159 .904

68 37 42 7.921 32 798 6f6 1.163 7.362 .929

69 36 41 7.921 26.7 956 586 1.394 6.748 .852

70 35 40 7.921 26.7 956 686 1.394 6.748 .852

71* 34 39 7.873 21.4 1178 686 1.717 6.072 .771

72* 33 38 7.382 17.8 1240 686 1.808 5.567 .754

73* 32 37 6.851 15.1 1252 686 1.825 5.155 .752
'

74* 31 36 6.278 14.2 1109 686 1.617 5.010 .798

75* 30 35 5.643 12.5 1006 686 1.466 4.725 .837

76 29 34 5.012 11.6 840 686 1.224 4.566 .911

77 28 33 5.012 11.6 840 686 1.224 4.566 .911

78 23 28 5.012 11.6 840 686 1.224 4.566 .911

79 - 72 77 4.778 6.2 1417 1334 1.062 4.647 .973~

80 61 66 7.921 18.7 1366 1334 1.024 7.832 .989

81 55 60 7.921 17.8 1435 1334 1.076 7.647 .965

82* 34 39 7.873 11.6 2174 1334 1.650 6.226 .791
*

83* 30 35 5.643 7.1 1770 1334 1.327 4.946 .876

84 23 2B 5.012 5.8 itB1 1334 1.260 4.509 .900

85 72 77 4.778 17.8 420 347 1.210 3.861 .80s

86 61 66 7.921 56 456 347 1.314 6.819 .861

87 55 60 7.921 55 464 347 1.337 6.758 .853

88* 34 39 7.873 49.8 506 347 1.458 6.432 .817

89* 30 35 5.643 23.1 544 347 1.568 4.392 .778

to 23 28 5.012 22.2 439 347 1.265 4.306 .859

91 72 77 4.778 17.8 420 347 1.210 3.861 .608

The tool setting at these Bursts was such that each detector was in dif ferent-aited hole. The hole diameter0
(D ) is the diameter of a cylinder of uniform diameter of the same volume as the hole section bein8 con-h
sidered. This is equivalent to the square root of the weighted evers8e of the squares of the diameters.

TABLE 3 APPENDIX
f

-

|. .
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THIRD SERIES OF TRACER VILCCITY TESTS
APPARATUS SHOWN ON TICULE lb

Burst Detector Depthe Mole Dia. Time. F1pv Rate, bpd Ratio Hydr Dia Ratic

No. let 2nd Dh in. t,. sec Indicated Q, PWtered, Q, Q,/q, MD. in. R. 'Dt

92 77 82 4.778 5.3 1658 1369 1.211 4.380 417

93 65 70 4.778 5.3 1658 1369 1.211 4.380 .=17

94 61 66 4.778 5.3 1658 1369 1.211 4.380 +17

95 58 63 4.778 5.3 1658 1369 1.211 4.3 80 +17

96 56 61 4.778 8. 1098 1369 .802 5.290 1 37

97 56 61 4.778 53 1658 1369 1.211 4.380 si?"

98 56 61 4.778 6.2 1417 1369 1.035 4.703 64

99 56 61 4.778 6.7 1311 1369 .958 4.873 1 .0

1D0* $4 59 7.269 13.8 1549 1369 1.132 6 . 64 9 +2

101* 54 59 7.269 13.8 1549 1369 1.132 6.849 -.2

102* $2 57 9.636 23.2 1645 1369 1.202 8.789 2

103 50 55 11.084 31.2 1627 1369 1.188 10.182 9

104 48 53 11.084 33.8 1502 1369 1.097 10.590 >

105 46 51 11.084 33.8 1502 1369 1.097 10.590 -4

106 39 44 11 084 33.8 1502 1369 1.097 10.590 is

107 39 44 11.084 33.8 1502 1369 1.097 10.590 .5

108 37 42 11.084 30.3 1675 1369' 1.224 10.037 ,v6

109 35 40 11.084 22.3 2276 1369 1.663 8.639 9

110* 33 38 10.067 11.6 3598 1369 2.628 6.303 .6

111* 31 56 7.890 7.1 3568 1369 2.606 5.005 -=

112 27 32 5.012 6.2 1572 1369 1.149 4.703 .s

113 22 27 5.012 6.2 1572 1369 1.149 4.703 id

114 77 82 4.778 5.3 1658 1369 1.211 4.380 a>

115 77 82 4.778 11.6 758 648 1.169 4.450 6'1

116 56 61 4.778 12.5 703 648 1.0C5 4.603 **3

117 56 61 4.778 13.4 656 648 1.012 4.752 .e5

118e 54 59 1.269 30.3 706 648 1.089 6.977 **1

119* 52 57 9.636 48.1 794 648 1.223 8.727 *4

120 50 55 11.084 58 875 648 1.351 9.563 .'l

121 48 53 11.084 70.3 722 646 1.114 10.509 -6

122 42 47 11.084 65 781 648 1.205 10.112 .2

123 37 42 31.084 59.6 852 648 1.314 9.691 *4

124 35 40 11.084 42.7 1189 648 1.834 8.236 m3

125* 31 36 7.890 13.4 1890 648 2.917 4.752 2

126 27 32 5.012 12.5 780 648 1.204 4.603 8

77 82 4.778 11.6 758 648 1.169 4.450 .el

127(II128 77 82 4.778 10.7 821 679 1.209 4.382 +.7

129 56 61 4.778 11.6 758 679 1.116 4.545 's t

130 56 61 4.778 10.7 821 679 1.209 4.382 ;7

131* 52 57 9.636 40.1 952 679 1.402 8.171 ..$

132 50 55 11.084 63 806 679 1.187 10.189 9

133 42 47 11.084 65 781 679 1.150 10.347 in

134 35 40 11.084 43.6 1164 679 1.715 8.511 8

135 27 32 5.012 11.6 840 679 1.238 4.545 7
-

136 77 82 4.778 10.7 821 679 1.209 4.382 7..

137*(2) 55 60 5. 7 30 34.7 374 241 1.553 4.671 .5
241 - -

. 138* 52 57 9.636 (3) -

139 42 47 11.084 155 328 241 1.359 9.534 *0

140 42 47 11.084 155 328 241 1.359 9.534 oo

141 35 40 11.084 117 434 241 1.800 8.312 50

142 27 32 5.012 34 287 241 1.190 4.628 13
,

Hole diameter (D ) calculated as explaineSettinBe wherein each detector was in different-staed hole.
ih*

Table til footnote.
(1) All Bursts through 127 were at essentially atmospheric pressure (apparatus discharged to atmosphere).

Sursts 128-136 had 52 poi ambient pressure by restricting discharge.
(2) Sursts 137-142 had 40 pet a=bient pressure.
(3) Radioactivity too dispersed for valid time observation. _

APPENDIX TABLE 4

' -
-. ___ _. ___.
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FOURTH SERIES OF TRACER-vtLoctTY TESTS
**

APPARATUS SHOWN ON FIGURI IC

Burst Detector Depths Hole Dia. Time . Flow Rate, bpd Ratio Eydt Die Ratio

Q /Q, ND. in. HD/DhNo. let 2nd Dh, in. t,, see Indicated Q Putered, Q, gg

147 125 130 4.778 21.4 411 394 1.042 4.689 .981

148 55 100 7.921 52.5 486 394 1.235 7.154 .903

149 72 77 11.084 91 553 394 1.416 9.345 .443

150 55 60 7.921 52.5 486 394 1.235 7.154 .903

151 35 40 5.012 20.5 476 394 1.207 4.598 .917

152 125 130 4.778 6.2 1417 1159 1.223 4.360 .913

153 95 100 7.921 20.4 1252 1159 1.080 7.631 .963

154 87 92 7.921 20.4 1252 1159 1.080 7.631 .963

155* 84 89 9.940 30.3 1342 1159 1.158 9.251 .931

156 82 87 11.084 34.7 1463 1159 1.262 9.866 .892

157 80 85 11.084 37.4 1357 1159 1.171 10.256 .925

15 8 72 77 11.084 39.2 1295 1159 1.117 10.495 .947

159 67 72 11.084 35.6 1426 1159 1.230 10.011 .903

160* 65 70 10.754 30.7 1555 1159 1.342 9.310 .866

161* 63 68 9.571 23.2 1623- 1159 1.400 8.122 .849

162 55 60 7.921 18.5 1380 1159 1.191 7.279 .919

163 35 40 5.012 7.1 1373 1159 1.185 4.637 .925

164* B4 89 9.940 48 847 659 1.286 8.790 .884

365 82 87 11.084 58.8 863 659 1.310 9.707 .876

166 80 85 11.084 62.4 814 659 1.234 9.994 .902

167 72 77 11.084 57. 891 659 1.352 9.560 .863

168 67 72 11.084 62.4 814 659 1.235 9.994 .502

169* 65 70 10.754 47.2 1011 659 1.534 8.718 .811

170* 63 68 9.571 33. 1141 659 1.731 7.329 .766

171 72 77 11.084 62.4 814 659 1.23; 9.994 .902

172 82 87 11.084 123 413 257 1.607 8.787 .793

173 72 77 11.084 118 430 257 1.673 8.611 .777

174* 65 70 10.754 124 385 257 1.498 8.822 .520

-

.

.

e Settings wherein each detector was in different-sized hole. dele diameter (Dh) esiculated as erplained La
Table 3 f ootnote,

b -

.

TABLE 5 APPENDIX
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FINAL SERIES OF TRACER-VE1DCITY TESTS ,

AFFARATUS SHOW ON TICURE Id

Ratio Hydr Die Lati,

Flow Rate. bpd
Indicated Q Hetered. ( Q /Q, MD, in. c/c

Surst Detector Depths Mole Dia. Time,
g

3 !
No. 1st 2nd D ' I"' 8c' seeh

230* 2 -3 17.060 6.2 19.572 1304 15.01 4.600 .27t

231* 1 -4 19.947 8 20.773 1304 15.93 5.172 .254 *

232* O -5 22.466 8.9 23.710 1304 18.18 5.436 .24:

233 -1 +6 23.625 12.5 18.675 1304 14.32 6.382 .270

234 -2 -7 23.625 16.9 13.413 1304 10.59 7.376 .312 |

-
- .

1304
-

236 -3 -4 23.625 23.2 10.062 1304 7.116 4.601 .364
235 -4 -9 23.625 (1) -

,
*

-

1304 ,-

238 -8 -13 23 625 122 1.913 1304 1.467 19.519 .82a -
237 -4 *9 23.625 (1) -

-
-

820 -

239 -3 -8 23.625 (1) - '

240 -3 -8 23.625 27.6 8.458 820 20.31 7.471 . 31 '.

241 -2 -7 23.625 20.5 11.387 820 13.89 6.477 .27 |

242 -1 -6 23.625 11.6 20.124 820 24.54 4.955 .21. |

243* 1 -4 19.947 10.7 15.531 820 18.94 4.775 .2 b
,

244 15 10 4.892 8.9 1.042 820 1.271 4.391 .8s* .

-
-

505 -

246 -2 -7 23.625 23 2 10.062 505 19.92 5.460 23. *

245 -3 -0 23.625 (1) -

247 -1 -6 23.625 24.1 9,686 505 19.18 5.558 .24

248* 1 -4 19.947 16 10.386 505 20.57 4.598 .2 3.

249 15 10 4.892 14.3 648 505 1.283 4.370 .8H
,

.

* Detectors straddled an increase in hole diameter. I
(1) RA too dispersed for definitive time observations. !

G

,

TABLE 6
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COMPARISON OF HETHODS FOR PICKING
'

TRANSIT TIMES IN EJECTIONS UNDER THE-

INFLUENCE OF HOLE DIAMETER INCREASES

Ratio of Indicated Flow Rate / Metered Rate
Burst- Based on Peak-to- Based on Departure

No. Peak Transit Times Point Transit Time

69 1.348 1.394

72 1.247 1.808

73 1.319 1.825

74 1.171 1.617

75 1.214 1.466
'

83 1.058 1.327

88 1.254 1.458

109 1.224 1.663

110 1.367 2.628

124 1.142 1.834
g.

-

125 1.685 2.917

134 *1.111 1.715

141 1.092 1.800

169 .991 1.534

174 1.248 1.498

230 10.456 15.01

231 8.912 15.93

232 12.946 18.18

233 9.782 14.32

234 8.365 10.59

236 4.787 7.716

240 8.088 10.31
;

*; 246 11.032 19.92
-

*i 247 11.792 19.18

248 16.789 20.57

*| '7.128Hean 4.857
|
I.

i

.

i

APPENDIXTABLE 7
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8.JECitons 889EDLA1ELY SLLChi A DI AMETLE SECECA C
4

*

Irrer Set te

tydreelte gotte. 6est. Plt Sep tries! $$ae Flow Bete. 6pd 6 . Oi 0, n-

eletante free ten o

et e. .. . re. _ w. e M.,i. m 0e w% a- ie ee . 0- A
la. crease to settee Small,Dia

1

Sv.e4

69 6.9 S.012 6.748 1. M6 1.610 4.069 26.7 993 6M 307 8.4466e.

70 S.9 S.012 6.148 1.346 1.400 7.017 26.7 164 646 - SS 3.08)

71 4.9 S.012 6.012 1.211 3.22) 4.H0 al.4 702 6M 36 1.022

72 S.9 S.012 S.M 7 1 111 3.094 S.482 17.8 664 484 223 .940

33 2.9 S.012 S.1SS 1.029 1.000 S.012 A S. 3 666 6M 40 .9 2

74 3.9 S.Oli S 010 1.000 0.934 4.601 14.2 $92 6M to .se)

PS 0.9 S.012 4.725 .94) 0.ses 4.451 12.) 602 6M e4 .sts

62 4.9 S.012 6.226 1.262 1.125 6.140 41.6 litt 3334 36 .978 '|

43 0.9 S.032 4.946 .981 0.844 4.411 7.1 3059 13H 275 794

84 4.9 S.012 6.432 1 283 1.22) 6.140 49.6 302 347 45 .47e

H 0.9 S.012 * 4.392 .876 0.864 4.451 23.1 326 Mt it 9 39 |

109 3.9 S.012 8.6 39 1.723 3.400 P.017 23.3 891 3M9 474 611 ;

110 3.9 S.012 4.302 3 258 1.094 1.483 21.6 1019 RM9 350 744 -

'

til 1.9 S.012 S.005 .999 0.9 % 4.681 2.1 !!83 3369 IM 844

324 S.9 S.012 6.3p 1 663 1.400 7.017 42.7 46S 648 383 310 |

125 1.9 S 012 4.752 .948 0.934 4.641 23.4 427 448 ft 96s

134 S.9 S.012 4.311 8.694 1.400 1.017 43.6 4M 679 323 .672

848 S9 S.01) 4.312 1.615 4 400 7.017 113 170 241 !! 705 !

360 4.4 3.923 9.310 3.175 1.1$4 9.841 30.7 1816 3859 al .963

tot 2.4 3.921 4.122 2.025 0.964 7.6M 23 2 8021 3359 IM .683 #

t

let 4.4 7.921 8.738 1.103 1.154 9.141 47.2 IN 439 41 1.102 )

870 2.4 7.921 f.329 926 0.964 7.6 % 33.0 717 659 - SS 1 064

27. 4.4 7.928 4.s22 3.316 1 154 9.141 124 276 217 19 1.016

2M 2.5 4.M2 4.600 940 0.971 4.750 6.2 1299 1304 * 95 1.07s

231 J. S 4.892 S.172 1.057 1.012 S.146 8 3290 3304 34 9M

4 32 4.1 4.M2 S.4M 1.111 1.lu S.204 8.9 leal 1304 341 1 106

233 S.) 4.892 4.382 8.305 8.322 6.472 12.S th3 D04 39 3.0M

2h 6.S 4.892 2.376 1. SC 8 3.521 7.443 16.9 1324 1304 24 3 01s

th 7.5 4.892 8.601 1.759 1. f H 4.185 23.2 litt 130+ S .996

240 7.5 4. H 2 7.4 71 3.327 1. 7M 8.58S 27.6 1092 820 272 1 332
i

ist 6.S 4.992 4.471 1.324 1.S21 7.443 20.S AMS 820 273 1.331

242 S.) 4. H 2 4.935 4.013 1.323 4.4 72 31.6 1447 820 427 3. 74 3

243 3.s 4.992 4.175 976 3.032 S.346 10.7 964 820 344 3.376 ,

246 6.S 4. 692 S.460 1.116 1.524 f.441 23.2 967 Sol 462 1.f t)

247 S.S 4.892 S.S$8 3.336 1.333 6.472 24.1 696 Sol 193 1.37s

248 S.) 4.092 4.59s .940 1.052 1.346 26 MS SOS .g40 3.277

se
.

7 -

.
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TRACER-VE14 CITY $ HOTS CONDUCIED TO EVALUATE FROFILINC
TECHN1 QUES BUT USEntL IN CETERMid1NG INFLUENCE OF

kOLE DIAMETER. AFFARATUS SHOWN IN FIGURE IC

. Burst Detector Depthe Wole Dia. Time. Flow Rate, bpd Ratio Bydr Die Ratio

Indicated Q, Metered. Q, Q/} RD. in. BD/Dh
Eo. let 2nd Db. in, t ,. sec

179 95 100 7.921 102 2 50 166 1.506 6.499 .820

ISO 87 92 7.921 110 232 166 1.398 6.738 .851

182 79 B4 11.084 171 297 166 1.789 8.339 .752

183 72 77 11.084 178 285 166 1.717 8.503 .767

1 84 55 60 7.921 100.6 2 54 166 1.550 6.456 .815

185 38 43 5.012 , 20.4 478 404 1.183 4.640 .926

1 86 42.5 47.5 5.012 20.4 478 404 1.183 4.640 .926

188 43.5 48.5 5.012 18.7 521 404 1.290 4.460 .890

191 125 1 30 4.778 26.7 329 259 1.270 4.286 .897

192 110 115 4.778 26.7 329 259 1.270 4.286 .897

193 97 102 7.921 74.5 343 259 1.324 6.919 .874

194 90 95 7.921 73.9 346 259 1.336 6.892 .870

195 to 85 11.084 98 518 421 1.230 10.010 .903

196 75 60 11.084 89 570 421 1.3 54 9.549 .862

197 55 60 7.921 46.3 552 421 - 1.311 6.953 .878

198 35 40 5.012 19.6 497 421 1.181 4.643 .926

202 125 130 4.778 25.8 341 281 1.214 4.378 .916

203 108 113 4.778 23.1 380 281 1.352 4.166 .872

204 97 102 7.921 47 54 3 442 1.229 7.169 .905

205 90 95 7.921 45.5 561 442 1.269 7.058 .891

206 80 85 11.084 94 $40 442 1.222 10.045 .906F

207 39 64 7.921 53.5 477 442 1.079 7.631 .963

208 42 47 5.012 13.3 733 668 1.097 4.802 .958

209 38 43 5.012 12.5 7 60 668 1.168 4.668 .931

210 52 57 7.921 49 521 442 1.179 7.314 .923

220 95 100 7.921 104 246 164 1.500 6.522 .823

221 90 95 7.921 110 232 164 1.415 6.699 .846

222 DO 85 11.084 106 479 340 1.409 9.369 .845
.,

*. 223 75 to 11.084 104 488 340 1.435 9.282 .837

224 68 73 11.084 102 498 340 1.465 9.194 .829~~~

.

** 225 59 64 7.921 54.4 469 340 1.379 6.780 .856

226 52 57 7.921 63.3 403 340 1.185 7.292 .921

227 42 47 5.012 13.3 733 569 1.288 4.464 .891

228 35 40 5.012 13.3 733 569 1.288 4.464 .891

.

ra oe c n APPFNDIY
F
i

.|-> 'i



p .. _ a _ 2- m - .. u _ .____ ~ o . . _ . uu . . . , .

_.ATTAC161EST TO EX111151~1 L~
~

.

*s. *.,
' \, -.

'
e ,

6:

PREPRINT--SUBJECT TO CORRECTION

Paper No. 906-15-J

For release: March 21, 1970

NOTICE TO EDITORS: Permission is hereby granted to reprint this paper on or
after March 21, 1970, provided that the auspices under which it was presented

.,

be conspicuously acknowledged, the author's name and affiliation be stated,
the original title be used, and that the paper be printed in full. Any devia-
tion from this policy shall be approved by the author of the paper. If re-

printed in installments, the foregoing conditions apply to each installment.

PRACTICAL FIELD INTERPRETATION OF TEMPERATL'RE SURVEYS

by

Billy P. Morris
WACO Inc.

,
'

Hidland, Texas
.

--o0o--

For presentation at the
Spring Meeting of the Southwestern District

Division of Producticn
Inn of the Golden West, Odessa, Texas

March 18-20, 1970

--o00--

(The statements and opinions expressed herein are
those of the author and should not be construed
as an official action or opinion of the Institute.)

--o0o--

,

Division of Production ,

American Petroleum Institute
Dallas, Texas

.

-

g ' ,



- , . . . . ~_. , ,. _ . _ .: .. - ... ... . .

.

'

pi .
,

- 3,

Paper No.-906-15-J .< f. -2-
.

,.

PRACTICAL FIELD INTERPRETATION OF TEMPERATURE SURVEYS

Billy P. Morris, RACO Inc., Midland, Texas..

ABSTRACT

Temperature logs have been used as an evaluation tool since the early 1930's.
The simplicity of operation and expression of data once led the industry to
believe that formation reaction.and data interpretation could be stereotyped.

Attempts at quantitat,ive _ analysis of the collected data revealed that tempera-
ture information collected in the borehole is the end result of one of the
most complicated energy transfer systems encountered in downhole survey opera-
tions. Ef forts to reconcile these myriad variations have resulted in many

interpretive techniques making useful field interpretation of temperature data
highly controversial and subject to a high degree of error if misapplied.

Some basic characteristics are reflected in each and every temperature curve,

and if properly analyzed, can serve as a useful qualitative tool for evalua-
tion of current downhole conditions.

.
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INTRODUCTION

Downhole temperature surveys have long enjoyed immunity from the more
exacting and precise evaluation methods that are applied to other types

,

of well bore surveys. They have retained much of their popularity by
virtue of the simplicity of the physical operation and unsophisticated
presentation of data. One merely lowers a " thermometer on a string"
in the well, takes readings at various depths, and records the results
as a graph of temperature (f ahrenheit or centegrade) vs. depth.

Conditions are usually assumed stable cnd fairly constant, and the tem-
peratures recorded in the well bore are inferred to be the conditions
extending for some distance into the formation.

All modifying or contingent conditions must be applied by the inter-
preter, and every man becomes an " expert" after seeing one or two tem-

'

perature logs.

Temperature logs have been used for all types of investigation; i.e.,

cement top location, production analysis, casing and tubing leaks, frac
evaluation, injection zone definition, and even attempts to locate uneval-
uated oil bearing sands behind the casing.

The " cook-book" style of interpretation used until recent years produced
some successful evaluations and many dismal failures, and overextension
of temperature log capabilities has caused misapplication of technique.

Promotional efforts to the contrary, temperature tools of excellent qual-
ity are available to the entire industry through several suppliers.

The validity of the information derived depends more upon the application
and interpretive technique used than the tools themselves.

A basic understanding of these tools and their capabilities is necessary
to properly apply the data they collect.

TOOLS

The downhole recording tools fall into three classifications: (Figure 1).

1. Absolute or normal temnerature: A single element tool calibrated
,,

and aligned to detect the existing temperature downhole and trans-
mit this information to the surface, where it is recorded as actual
temperature versus depth.

.

This tool measures the temperature of the borehole fluids at a single
-

point and is subject to the total of the vertical as well as lateral

..
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effects of temperature transition zone. Sharp / inition of tempera-

ture interfaces is improbable unless the diffrcential is extreme,
and slight changes often go unnoticed unless recording sensitivity
is high. Total transition from one temperat ure to another is usually
averaged over a long vertical interval.

..

2. Temperature Differential: The differentist tool utilizes two ele-
ments physically separated by a given distance. Both elements detect
the absolute temperature of the fluids at their respective depths.
These temperatures are impressed upon a " comparison circuit" and
the difference between them is transmitted to the surface and recorded.
Hence, if one element detects 76 degrees and the other, five feet
above it, registers 75 degrees, a 1 degree progression for the inter-
val is recorded. As long as this progression remains the same as the
tool is moved downhole, no further deflection is recorded, but should
the rate of change increase to 2 degrees per five feet interval (i.e.
top element 78 degrecs and bottom 80 degrees) an additional one degree
deflection would appear on the recording for the given interval.

The two element tool can be calibrated and used as a "true differen-
tial" indicator by taking stationary readings. The actual difference
in temperature would be determined by the deflection. During most
logging operations, the progress downhole is usually continuous;
therefore, both the rate and the amount of temperature change affect
the readings, and the log is used as a relative temperature change
indicator. The actual temperature is recorded simultaneously on
a separate circuit. The advantage in this usage is a more prominent
indication of temperature change over a given interval.

3. A-Priori " Differential": This principle simulates the differential
effect by using a single element and an electronic " memory circuit".
The single element detects the temperature of the well fluids and
sends this information to a memory cell or delay circuit. After a-

pre-selected time this temperature impulse is fed back into a "com-
parison circuit" and is impressed with the impulse currently gener-
ated by the temperature element. The difference in temperature

detected at the two time-intervals is recorded as dif ferential.

This tool is not a true differential indicator with respect to depth
',_ since it depends upon movement for its depth spacing. Theoretically,

the spacing is controlled by logging speed, but in actual practice,
the time delay for feed back in milliseconds and normal logging
speeds are not compatible. No consistent spacing control is possi-
ble without electronic "gateing" keyed to the depth meter. Contin-
uous movement again incurs effect from both the rate and amount of
temperature change, and confines the use of this curve to an instan-
taneous slope change indicator. As with the other differential
tools, the actual temperature is recorded on a separate circuit.

~ The downhole tool used in the A-priori method is only the normal

,

V
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or absolute tennerature sonde. All the delay circuits are in the
surface instrumentation.

The only basic data collected b3 the temperature sonde is the absolute

,

temperature inside the well bore and the depth at which it is recorded.

The interpretation of temperature data does not depend upon the downhole
temperature that exists, but rather, the degree and rate of change under
controlled conditions. An examination of the conditions involved will
lay the groundwork for more accurate interpretation.

Ti.e normal gradient exists because of a temperature equilibrium process
from the interior of the earth (warmer) to the surf ace (cooler). Heat
flow is vertical and forms a gradient or constantly decreasing tempera-
ture as it approaches the surface. The existence of a hole in the ground
does not change the gradient appreciably (Figure 2-A).

Should the temperature be changed by pumping cooler or warmer fluids
downhole, a dif ferential is formed between the well bore and the forma-

tion temperature at any given depth and a lateral or horizontal " gradient"
is formed between the well bore and the formation (Figure 2-B). A pro-
cess of equilibrium is set up, and heat flows from the warmer source to
the cooler point. The coolest point in the system is the terminal point
for this equilibrium process and, therefore, is the last point to be
affected by the heat flow.

The well bore is either the source or terminal point of these heat
exchanges, and any temperature change must be considered the result of
the sequence of heat flow rather than the instantaneous condition of
the reservoir outside the well bore.

Fluid moving inside the well bore not only affects the zone accepting
the fluid, but the formation temperature is changed outside the entire
extent of the hole by conduction (Figure 3). This change is constantly
expanded to some distance until the formation will conduct only the
amount of heat that is being carried away (or added) by the moving
fluids. " Steady state" heat flow then exists, and unless the tempera-
ture of the fluid moving in the well is changed, there will be no addi-
tional change in formation temperature immediately around the well bore
with continued fluid movement. When the fluid movement is stopped, the
temperatures in and around the well bore attempt to recover to normal
gradient for each depth. The rate of recovery inside the well bore
(data collection point) depends not only upon the zones that have or I

have not accepted the fluid, but also upon the ability of each of the
formations to transmit heat to or from the well bore. The formations
not only transmit heat directly back to the well, (Figure 4-A), but as-

one formation warms or cools faster than the adjacent one, local equi-
librium effects are set up in the formation which slows the rate of
recovery in some zones and speeds that of others, causing a distortion

;
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of the lateral temperature transfer characteristics of these formations
(Figure 4-B).

The mechanical arrangement of the well also affects the rate of heat trans-
fer at each depth by increasing or decreasing conductive properties (Figure

..

5).

Temperature tools have no " Radius of investigation" into the formation
- and can only measure the temperature inside the well bore. Recorded
temperatures at any one given time do not detect the many small changes
in the formation that affect the final well bore temperatures.

A " single run" temperature log qun and interpreted only by the " cooler
or hotter" technique can result in completely erroneous information.

One simple rule of thumb can be applied to "on the spot" interpretations
which will greatly increase the accuracy of field analysis of tempera-
ture logs:

Static well bore fluids always assume the temperature of the
" Dominant Temperature field" immediately adjacent to the well
bore.

This obvious over simplification of conditions can be made applicable
if the sequence of events that result in a particular " Dominant field"
are examined.

When cooler fluids move thru the well and into the formation " boundary
cooling" is caused around the hole and above and below the zone taking
fluid. Heat flows back to the well bore from some radius away from the
well. Heat at gradient temperature for each depth is available for
recovery except in the zones accepting fluid (Figure 6). The heat
source across the zone of injection is approximately the same as the
well bore fluid temperature, therefore, little or no heat is available
to warm the well fluids opposite these zones. There is no warming
trend after shut in and this area lags behind in its rate of recovery.
The Dominant Temperature Field in the non-injection zone is at normal
gradient for that depth, but the Dominant field of the injection zone
is approximately the fluid temperature under injection conditions. A
trend to positive slope develops over the non-injection interval but
no slope trend (either positive or negative) is developed through the
zone of injection (Figure 7).

These ideal conditions are relatively easy to identify since they con-
sider only the temperature fields and unobstructed path of heat flow.

Changing well bore mechanics change both the radius of dominant field
and the heat replacement rate. The temperature curve will reflect the
presence of tubing, casing, enlarged hole, squeezed zones or any other

.
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change from continuous borehole configuration by a deflection from its
established slope or trend.

The following examples are reproductions of temperature decay curves
run'at varying times after shut in. The total pattern of progression

,,

identifies the zones readily, but any single curve of each series might
well be misinterpreted if analyzed with no other information available.

Figure 8 - The effect of tubing in continuous cased hole - Deflection
of temperature towards the injection temperature (cooler) at the base
of tubing string.

Figure 9 - Tubing, casing and open hole - Temperature deflections
at each change of hole configuration.

Figure 10 - Tubing set to total depth. Note changing direction of
deflection at base of tubing with time as one dominant temperature
field (annular) space is replaced by secondary field.

Figure 11 - The effects of enlarged hole in non-injection zone.
Additional volume of hole distorts otherwise normal progression
of temperature after shut in and causes cool anomaly on log.

Figure 12 - Enlarged hole between two injection zones. Boundary
cooling above and below combines with increased hole volume (non-
injection zone) to cause coolest anomaly in non-injection zone.

These examples point up the possible error to be incurred by indiscrim-
inate interpretation of " cold" spots as zone of injection. Study of
the family of curves shows, however, that the established proportional
rate of recovery developed in the non-injection zones is retarded in
the injection zones by the extended dominant field of nearly constant
temperature, and rate of chance becomes the factor for interpretation.

Selection of intervals of lateral fluid movement must then be made on
a basis of zone temperature stability rather than actual temperature
at any given time. To detect this " stability", it is necessary to
observe a family of curves recording the sequence of temperature pro-
gression after some controlled action.

Many field operst'ons do not allow time for this accumulation of data.
Interpretation aust be made with inferred temperature sequence based
on data collected during a shorter time interval, and augmented or
modified by the interpretors knowledge of the physical changes that
have been caused by some surface initiated action.

Prior information; i.e., established normal grsdient for local area, -

well bore mechanics, surface temperature of injected or produced fluids,
compressible or non-compressible fluids, measured injection or produc-
tion rates, type of fluids (reacting or stable) etc., must be considered

.
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when assuming sequence of temperature change.

Base logs should be run to establish existing temperature conditions
downhole for comparison to subsequent temperatures.

.

When a large differential (20 F or more) exists between moving well
fluids and normal downhole temperatures, or prior temperature logs under
the same conditions are available, base logs may sometimes be dispensed
with, although interpretation is greatly f acilitated by their use. Remem-

ber, prior injection zones, squeeze cementing, liner applications, etc.,
may have generated a dominant formction temperature downhole other than
normal gradient.

Figure 13 - Well "B" has been prepared for recompletion in a lower
zone by squeezing the upper zone and opening a new zone by perforat-
ing.

Lower zone is treated with acid to stimulate production. Examination
of the after treatment log shows heating anomalies exceeding the normal
gradient in both the new zone and the squeezed zone. Assumed condition;
the original zone broke down or acid treatment channelled up to the old
producing interval. Comparison with the base log shows that the upper
heating anomaly is the result of the cement squeeze and existed before
treatment. Since there has been no change in the upper heating indica-
tion the conclusion is that the squeeze held and the lower zone treated
properly.

In the absence of base log or prior information, it is imperative to
make at least two or three temperature traverses over the interval after
an initiated change to observe the relative sequence and amount of change
incurred by the action. Injection wells normally involve only one
induced change (injection to shut in) and the temperature progression
is from one stabilized condition towards another. Care must be exercised
in gathering prior information, however, lest some change in injection
rates or pressures change downhole conditions and generate new and con-
fusing temperature fields.

Figure 14 - This established low rate injection well was subjected
to step-rate test which ultimately broke out below the logged depth.
The well was then placed back on injection at the previous low rate,
allowed to stabilize, and logged with decay series temperature sur-
vey. The lower zone and bottom of the hole had been cooled below
normal injection temperature by the step-rate tests,' but the current
injection curve shows no injection past bottom of the hole. Study
of this sequence shows positive (warming) trend above 2550 feet,
stable temperature at current injection temperature over interval
2550-2600 feet and negative progression below 2600 feet. The domi- .

nant temperature fields are three phase, cooler on the bottom with
very slight injection at normal rates. Warmer above, no injection,

u.. y ,
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and constant at current injection temperatures through the center
(maximum current injection).

This analysis could not have been positive without prior information but
"

a base run under injection and a shut in curve af ter 4-6 hours would
have identified the stable zone as 2550-2600 feet where no gradient,
either positive or negative, was generated. The constant temperature
then indicates the major injection zone.

TREATMENT AND PO!P IN AMA1.YSIS

' Intermittent injection or pumping operations never generate " steady state"
heat transfer conditions. These operations are usually very short t e rm ,
and the temperature changes induced by them are subsequently shorter lised.
Since the conditions are in a constant state of fluxuation, they are often
changed again, before they recover completely. Relative anomalies are
obliterated by additional action from the surface before another tempera-
ture traverse is made over the interval. Interpretation is made by com-
parison of the temperature curves, and identification of the more nearly
stable zones in relation to the sequence of events.

The same dominant temperature field principles still apply but are some-
times more difficult to identify. When scanning the log for zones of
injection, consider the temperature anomaly that should be generated by
the last action taken and identify the partially stablized zone in rela-
tion to the prior traverse.

A base log of existing temperatures before pumping is an absolute neces-
sity to properly locate the affected interval in recompletions and old
producers.

Figure 15 - Examine well "Y". Open hole completion, tubing set
to point "D" and producing from zone "B". Tubing is pulled and
well readied for retreatment to stimulate additional zones.

A light single stage frac is pumped away and a frac analysis temperature
log is run:

Run No. 1 - Compared to known normal gradient shows cooling from
casing seat to point "D" with some cooler points opposite all three
major zones. Apparently the well has accepted treatment in all

__three zones. '

Run No. 2 - Progression of temperature opposite zone "A" indicates
no treatment into "A". Zone "B" is accepting treatment in top and
bottom of zone and zone "C" apparently well treated. (Note stable
temperatures at bottom.)

Base Log - Comparison of base log over zone "C" shows that stable
anomal-y in the lower section of "C" was residual from the effects

my y e. :m c. J. :< . - ~ -
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of producing period and only the very top portion of "C" accepted
treatment. The dominant temperature fields are identified in
sequence: Base Log, run No. 1, run No. 2, and have indicated the
need for further treatment or a change of treating procedures.

..

Figure 16 - A base log and run No. 2 will provide enough interpre-
tive data if the characteristics of the more nearly stable zones
are recognized. Interpret for the zones that indicate no slope either
positive or negative and recognize that any slope, either negative
or positive, indicates a transient temperature exchange.

TREATING FLUIDS

Acids or reacting treating fluids generate heat when they contact the
formation. These reactions must be allowed for in the interpretation
of treatment evaluation te=perature curves.

The sequence of operation should again be considered and the step by
step analysis applied. Treating with cooler fluids first cools the
formation by contact, but the heat of reaction warms the zones accept-
ing treatment. This produces a two phase temperature reaction.

The temperature of the treating fluids should be adjusted to maintain
all the reactions either positive or negative with respect to normal
downhole temperature.

For example: Cool acid is pumped downhole and arrives in place 14
degrees cooler than the normal temperature. The formation is cooled
14 degrees by contact but the heat of reaction in the formation generates
a 14 degree temperature rise in the zone accepting treatment. The result-
ing well bore temperature would be the same as the normal temperature
and no anomaly would exist. The curve would have no positive interpre-
tive value (Figure 17-A). Should the acid treatment have arrived down-
hole at -20 degrees to the normal temperature, the zone accepting treat-
ment would also show deflection from the normal temperature indicating
that it had been exposed to the treating fluids. Normal progression of
the temperature recovery would then indicate a dominant temperature field

' Jn the treated zone while the untreated zones recover at a higher rate(Figure 17-B).

Displacement and overflush fluids should be brought to the same surface
temperature as the treating fluids to avoid altering the temperature
indications caused by treatment,

i

Interpretation should always be made from the absolute temperature curve
rather than from the so-called " differential" curve. The T or differ- .

ential curve is not a measurement of temperature, but an indication of ~

slope change. Due to boundary cooling and/or heating, the slope of an
absolute curve starts to change at some distance above the actual zone

:pw emy-hec we + 1 - ~

_ - _ - - - - -



_ ,_ ~
_

.

.

.

* '

-11- Paper .No. 906-15-J
.

of injections and the practice of identifying the zones from the differ-
ential curve alone can lead to complete misinterpretation of the results
(Figure 18).

The use of the Delta curve should be confined to identifying the slope
changes of the absolute curves as they enter the zones of " stability".
Slight increases in the rate of slope change from transient to " stable"
temperature conditions may be more closely defined with respect to
depth and the actual zone of fluid acceptance identified more specifi-
cally.

Fluid movement in the well bore during the time the temperature traverse
is being made destroys all evidence of the anomalies being formed in the
f o rma t ion. The well bore temperatures are constantly being displaced

~

by the moving fluids, and no temperature other than that of the fluid
stream is detected. Wells on vacuum, counter-flow, or backflow condi-
tions show only the temperature of the fluid and the vertical extent of
its travel as long as the fluid continues to move.

The Dominant Temperature field principle can be used to increase the
accuracy of "on the spot" field interpretations if the heat flow char-
acteristics in the formation are related to the resulting data collected
in the well bore.

RULES FOR APPLICATION

1. Determine well bore arrangement.

2. Review prior data or logs, if possible, to determine variations
from normal temperatures.

3. Run base temperature or establish a constant for comparison
from prior data before any action is taken to alter downhole
temperatures.

4. Consider the sequence of action with respect to the teoperature
progression.

.

5. Interpret any slope (negative or positive) as an area of tran-
sient temperature and identify " stable" zones by their approach
towards vertical gradient. (No slope) These are the zones
of near constant temperature over their entire vertical extent.

-

-

9

#

@

$ ' # , )\ * 6 -
'O" ''# 3 "8' '



--

.. __ ._ ._ . ... ,_- - -- - . . _ _

.
.

. .

Paper No. 906-15-J -12-
.

.

CONCLUSIONS

Temperature logs are a valid qualitative field interpretation tool when
properly executed and interpreted.

,,

" Single Run" temperature logs without modifying data or prior logging
history can easily be misinterpreted.

Interpretation technique'must utilize rate and sequence of temperature
progression rather than " cooler or warmer" principle.

" Dominant Temperature Field" principle cpplies to all temperature log
analysis and must be considered for consistently accurate interpretation.

" Differential" or Delta-T curves should be used only to more closely
define slope changes in the absolute curve, and must not be construed
as temperature readings,

i
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GEOLOGY AND GE0 HYDROLOGY STUDY

Structural Geology

The study area is located on the southwest flank of the Ozark
- Uplift. Regional dip is 2-3 southwest, except in the vicinity

of faults. The Carlile School fault, one mile east of the
storage well, was mapped on the surface with-the aid of aerial
photographs and confirmed by core holes. The core hole cross-
section (Attachment 1) illustrates the contrast in the strati-
graphic section on either side of the fault. There are other
faults in the general area as shown on the regional structural
map (Attachment 2). The location of these faults was determined
from published maps and subsurface data. (Miser, 1954, Geologic
Map of Oklahoma. Huffman, 1958, Oklahoma Geological Survey
Bulletin #77). According to Huffman in Bulletin #77, the fault-
ing is the result of tensional forces created during the uplift
of the Ozark geanticline. This relatively mild tectonic activ-
ity ended by Middle De Moinesian time and the region has been
structurally stable since then.

Stratigraphy

The youngest rocks exposed locally consist of a sandstone and
shale sequence of the Lower Atoka. The outcropping Atoka rocks
are approximately 100' thick and they are capped by a 15' thick
terrace gravel in the immediate area of the plant site. Attach-

ment 3 is a map of the Sequoyah Plant Site Area showing topo-
graphy and approximate distribution of surface material. Out-

crops are very poor, so it was necessary to rely primarily on
core hole data in constructing the surface geological map.

The complete stratigraphic section (Attachment 4) penetrated in
the storage well is as follows:

Formation Thickness Lithology Character

Pennsylvanian 395' Shale and sandstone Non-porous,

Atoka except for the
basal Spiro
sandstone from
342 to 373'.
Contains salt-
water.

Morrow 170' Limestone and shale Non-porous.

Mississippian 185' Limestone and shale Non-porous.

..
//

'[ 4h, M [
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' Formation Thickness Lithology . Character;
,. ,

- Siluro-Devonian 240' Dense limestone Non-porous.
Hunton

Ordovician

Sylvan
,

Non-porous.40' Shale

..
. Viola 50' Dense limestone Non-porous.

Simpson 250' Sandstone and Sandstone is
interbedded dense- porous in part,
limestone contains salt-

water.

Cambro-Ordovician 1620' Dolomite Dense to very
Arbuckle porous. Contains

saltwater.

Reagan 145' Dolomitic sand- Impermeable.
stone and sandy
dolomite

Cross-sections A-A' (Attachment 5) and B-B' (Attachment 6) show
that there is very good lateral continuity of all subsurface
units with the exception of the Atoka series. Electrical log
correlations are very good for the pre-Atoka beds covering a
broad area of Oklahoma and surrounding states. All of the sub-
surface units thicken to the south and southwest and reach a
maximum thickness in the general area of the Arbuckle Mountains
in~ south central Oklahoma. In a northeasterly direction, ap-
proaching the crest of the Ozark Uplift, all stratigraphic units
thin by onlap and truncation. For a detailed regional discus-
sion, refer to Huffman, G. G., 1959, " Pre-De Moinesian Isopachous
and Paleogelogic Studies in the Central Mid-Continent Region,"
AAPG Bulletin, Volume 43, pages 2541-2574.

Arbuckle Group - Proposed Injection Horizon

The Arbuckle is a carbonate sequence, dominantly dolomite, with
minor shale and chert. It is 1765' thick at the well site,
including the basal Reagan sandstone, and reaches a maximum
thickness of 7000' in the Arbuckle Mountains. Northeast of the^

well site, the'Arbuckle thins to about 180' at the outcrop of
the Cotter dolomite (uppermost Arbuckle) near Spavinaw, Delaware
County, Oklahoma (Huffman 1958). The distribution of the Arbuckle -

group is very wide-spread, being recognized throughout the Mid-
Continent region (Huffman 1959).

Rocks of the Arbuckle group vary in charac;er from dense and
impermeable to very porous and permeable. In general, the upper
part of.the Arbuckle is essentially non-porous, the Middle

_..

_ - _ . _ . . . . _ . . _ . . . . _ - . . .._.. __ . .. ._ _ .._ _. r. .a
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.Arbuckle is characterized by. alternating beds of porous and non-
porous dolomite ~and the lower one-third of1the section is.;

characterized by thick zones of high order porosity. Measured
-

porosity values of Arbuckle dolomite range from less than 2% to
as high as 20%. Permeability ranges from less than 0.1 milli-
darcy to a high of 768 millidarcies. Porosity-permeabilityrelationships indicate that porosities less than 3% are non-
effective. Correlations of the zones of good porosity develop-
ment are reasonably good throughout the area (see electric log
cross-sections, Attachments 5 and 6). Porosity values for the~

Arbuckle formation were established by a foot-by-foot analysis
of the Schlumberger Formation Density Log (Attachment 7) and
from the core analysis (Attachment 8). The depths of the five
intervals with the highest permeability were derived from the
injectivity test data. See Figure 3, Exhibit A. Average poro-sity values were assigned to each layer and the thickness of
the net effective porosity was determined by using a minimum
value of 3% as a cut-off. The average porosity ranges from a
low of 5.8% for layer #5 to a high of 9.9% for layer #4. The
total net effective porosity for the five permeable layers is-116 feet.

s

It should be noted that both the density log and the Neutron
Porosity Log were calibrated for a limestone formation with an
assumed constant grain density of 2.71 grams /cc. Since the
Arbuckle formation is in fact made up of alternate layers of
porous and dense dolomite with a measured average grain density
of 2.81, it is necessary to apply a correction to the density
curve before computing porosity values. Since the logs were
calibrated for limestone, the porosity scale printed on the
Neutron Porosity Log cannot be used with accuracy. The errorin the apparent porosity resulting from the limestone calibra-
tion ranges from two to as high as eight percentage points.
The chemical and physical characteristics of the Arbuckle forma-
tion water is given in the water analysis submitted by the
Halliburton Company (Attachment 9) . Specific gravity is 1.104
at.75'F, pH is 7.0 and resistivity is 0.093 ohms /M2/M. Totaldissolved solids are 142,000 ppm and the chloride content is
88,300 ppm. Reservoir temperature is 126*F as reported by
Schlumberger and the reservoir fluid pressure is 1238.45 psi at
an elevation of 2071 ft. below sea level. The lithostatic pres-

'_sure at the base of the Arbuckle (3100')'is calculated to be
3490 psi by using a mean density of 2.60 for the overlying rock
column. Fracture pressure is estimated by Halliburton Services
at 70% of lithostatic or 2440 psi.

,

The confining bed underlying the Arbuckle consists of impermeable
granite. The confining beds above the proposed injection horizon
consist of 170' of dense shaley Arbuckle dolomite and 110' of
dense Arbuckle limestone. This Arbuckle " caprock" is in turn
overlain by a 1300' thick sequence of dense shale, siltstone,

.
-
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[n> , prevent the vertical migration of injected fluid.
sandstone and limestone. . These non-porous beds will effectively

Groundwater Geohydrology
.

Information on tue geohydrology of the fresh water aquifers at
the Sequoyah plant site and vicinity has been taken primarily' ''

from:

Oklahoma Geological Survey Hydrologic Atlas #1 - 1969-

- "The Water Resources of the Ft. Smith Quadrangle, by
M. V. Marcher.

Marcher states that, in general, the Atoka formation is a very
poor aquifer. Water quality is poor and yields range from a
fraction of a gallon per minute to a few gallons per minute.
The best water well in the plant site area is located in the NW
NW/4 of Section 27 12N 21E. Depth of the hole is 84', static
water level is 29' and yield is 1 gpm. Water quality of this
well is better than average for the Atoka formation, with total
dissolved solids of approximately 460 ppm. The erratic occur-
rence of fresh water locally is the result of meteoric water
being trapped in fractured shale and constitutes a " perched"
water tab'e at an elevation approximately 40' above the water
level c' alluvial aquifer of the Arkansas River.

The Ar'. as River alluvium is a good aquifer with reported
yields as high as 900 gpm. The water is "hard to very hard"
(Marcher 1969), but is suitable for irrigation. A typical
alluvium water well is located in the SE SE/4 of Section 19 12N
21E. Marcher reports a depth of 44', static water level at 4'
and a yield of 400 gpm.

Mineral Resources

The only mineral resource in the immediate area of the well site
is a limited amount of terrace gravel. Sandstone has been quar-
ried at two locations approximately one mile north of the well-

site and sand has been dredged from the flood plain of the
.

Illinois River two miles to the north. Sand has also been
dredged from the Arkansas River two miles west of the plant.
Nearest gas production is 14 miles west, at the town of Warner.
Coal is being mined from a depth of 1400' at Stigler in Haskell
County, 18 miles south of the well site. Nearest coal deposits
are located about 12 miles southeast of the plant site, but the
mines are currently inactive.

Seismicity

/.s previously stated, Huffman (1958) considers the area under
discussion to have been tectonically stable since Middle De

4, 4 Moinesian time. This conclusion is supported by the Coast and
.*1
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j . , ;7 * ~7ys $ andhGeogetic Survey' Report 41 1 (revised) " Earthquake ~ History of3
"'y - 'the United States". The report lists minor to moderate seismic'

-

Q activity in the El Reno area, west of Oklahoma City, the Tulsa
S area and in the Ouachita Mountains of southeastern Oklahoma and
j west central Arkansas. The earthquake epicenter nearest the well-

'

site is near Poteau, Oklahoma, 40 miles to the south. This
earthquake of April 27, 1961, is listed at intensity V on the_

Modified Mercalli scale (very minor damage to dishes and windows).
,

All of the listed earthquakes appear to be associated with struc-
"

tural features outside of the southwest Ozark tectonic province*
'

(Tectonic Map of United States, USGS and AAPG 1961). It is con-
cluded that earthquakes do not constitute a significant hazard at
the Sequoyah well site.

,

n

'

.

4

~5
4 ~. ; .

si j
s.3
k<
g. ,

.

.- . j.

- - ._ - ___.-._ .. _ .. .. ..... .. ._.. . -'

:>.. n.e v i: ~, .~.,
- - - - - - - - -- -- - -

,



F. . ..
*|,

A ,, .
ATTACINENT 8,

''
' CORE LADORATORIES. INC. ~

Pctrolener Reservoir lingineering
._. '

DALLAS. TEXAS

October 28, 1969 ,m, ,,

..w.u...r.
OKLAHOM A CITY. ONLA.

-
.

73118

.

.

.

.

..

Kerr-McGee Corporation
705 Kerr-McGee Building
Oklahoma City, Oklahoma 73102

Aten: Mr. Tom C. Danie*

Subject: Core. Analysis
Sequoyah Factory Waste
Disposal No.1 Well

.

Sequoyah County, Oklahoma.

CLI File No. CP-1-7049 .

-
Gentlemen:

The Arbuckle Formation was diamond cored in the subject well!

at various intervals from 1451 to 3032 feet. The core was
preserved at the well-site and transported to the Oklahoma
City Laboratory for analysis by whole core methods. T!1e
analysis results are presented in tabular form on the ac-
companying page of this report.

Crain Density measurements were requested at scattered
intervals and appear along with the tabular data.

Thank you for this opportunity to be of service.

Yours very truly,

CORE LABORATORIES, INC.

!

) -r?,

.

J . G. Evertson, Jr.
-

District Manager

JGE:sh
See: Addressee
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,. CORE LAl3OR ATORIES. Irac.

Pett:! cum liesernir Engineering PJge No. I
- -

DALLAS. TEXAS
.

,

-- -- - CORE ANALYSIS RESULTS
'

CP-1-7049
Company ___lIRR-MCCEE CORPOR ATION Formation ARBUCKLE pile

DIAMOND Date Report 10-28-69
Well SEOUO1A11 FACTORY UASTE DTSPOSAL #1 Core Type

Field
Drilling Fluid W ATER B ASE MUD Analysts BOYLE

County SEOUOYA11 State _0_XJA10MA_Elev._)7 9 ' KB- Location 997' FEL & 3231 FS L. SECTION 21-12N-21E
'

Lithological Abbreviations

..ll.;/" e U. .". ". !.L''.'.'.'. ,'"%*~.'.'".." ".'?'."u,.!.'.U.". .*."/*,".'ll"'.' .. ...f

j,....'.f. Z. . ;U ". .'.,'.','' |"".'""l 7."". .' .. ",, U. U.'"CO .... .. .. . .... .... ..

......... .. .. . ..
.. .

"u'[,Ud.UI[ ""',,7c',Y/,"e".'c" "
sau,6c ocsc. ,nownonoser, aan uu^a==esur62 ocarn "aaat | ;o,gj n... ... o n." "I'2 "" n. . . 4 .

WliOLE CORE ANALYSIS

1 '1451.2-52.1 4.0 3.4 9.5 0.0 89.1 Dol, vuggy, vert frae

2 52.1-53.0 0.1 <0.1 7.7 0.0 92.9 Dol, vert frac
~

3 53.0-54.5 0.1 0.1 9.9 0.0 91.6 Dol, few pp vugs

4 54.5-55.5 0.2 0.1 11.2 0.0 89.6 Dol, s1/ vuggy

5 55.5-57.0 0.3 0.1 12.4 0.0 91.5 Dol, pp vugs

6 57.0-58.0 <0.1 <0.1 5.9 0.0 93.3 Dol, s1/ shy, few pp vugs

7 58.0-59.0 <D.1 <0.1 11.0 0.0 92.2 Dol, pp vugs

8 59.0-60.0 0.7 0.6 8.5 0.0 87.8 Dol, few pp vugs

9 60.0-61.2 2.3 1.9 10.7 0.0 ,90.0 Dol, few pp vugs

10 61.2-62.0 -1. 2 1.1 12.1 0.0 87.7 Dol, few pp vugs, s1/ cherty

1 62.0-63.5 1.5 1.3 13.4 0.0 88.5 Dol, few pp vugs
+

12 63.5-65.3 0.1 0.1 9.4 0.0 88.9 Dol, fesi pp vugs,

13 65.3-66.8 <0.1 <0.1 5.1 0.0 91.4 Dol, s1/ shy

14 66.8-68.2 <0.1 <0.1 3.7 0.0 89.3 Dol, s1/ shy

15 68.2-69.5 <0.1 <0.1 3.4 0.0 90.6 Dol, s1/ shy

16 69.5-70.6 <0.1 <0.1 4.4 0.0 93.4 Dol, s1/ shy

17 70.6-71.7 0.1 <0.1 4.9 0.0 91.8 Dol, vuggy

18 71.7-73.3 0,1 <0.1 3.7 0.0 89.2 Dol, vuggy

19 73.3-74.4 0.1 0.1 8.2 0.0 91.5 Dol, few pp vugs

20 74.4-76.0 0.1 <0.1 6.8 0.0 97.2 Dol, shy

21 76.0-77.0 <0.1 <0.1 4.9 0.0 85.9 Dol, few pp vugs
Drilled

1477.0-1737.0
22 1737.0-38.7 <0.1* 3.3 0.0 76.7 Dol, s1/ shy, few pp vugs

Lost core38.7-43.0 .

Drilled
1743.0-1912.0

23 1912.0-13.0 <0.1 <0.1 2.1 0.0 67.4 Dol, s1/ vuggy

23 13.0-14.2 <0.1 <0.1 1.9 0.0 33.3 Dol

25 14.2-15.7 <0.1 <0.1 1.4 0.0 50.0 Dol, s1/ cherty

26 15.7-16.7 <0.1 <0.1 1.9 0.0 47.6 Dol

27 16.7-18.3 <0.1 <0.1 2.4 0.0 39.8 Dol, s1/ cherty

28 18.3-19.7 <0.1 <0.1 2.4 0.0 34.8 Dol

29 19.7-21.0 <0.1 <0.1 2.3 0.0 33.3 Dol

30 21.0-21.7 <0.1 <0.1 0.9 0.0 64.3 Dol, shy

31 21~. 7 - 23. 3 <0.1 <0.1 3.1 0.0 46.9 Dol

32 23.3-24.2 <0.1 <0.1 1.4 0.0 41.9 Dol, s1/ shy
Drilled

1924.2-2294.0
(- 33 2294.0-95.6 101 24 9.8 0.0 64.6 Dol, vuggy, s1/ cherty

34 95.6-96.6 0.1* 9.0 0.0 69.1 Dol, vuggy, vert frac

35 96.6-98.0 768 1.8 9.6 0.0 67.3 Dol, vuggy

36 98.0-99.4 30 0.2 9.2 0.0 69.8 Dol, vuggy, vert frac
sad fr .hn.e e setini.e sa4 coe r..lece..! t .e

These anaty es. a.pinc.as ne intert. resi at are La.eJ ca c4.re.asion, se.f nisterials sur.r.f.ed by the el.cae to .her .
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~ . * CORE LABOR ATORIES. INC.'

-

Petroleum Rescivoir Enxineering*

DAlt.A3 TEXAG

p;te_CP-1-7049 Page No. 2
. - ~ *

wc11_ Scouovph rac_tpry t!an.g._phnosa< ''

CORE ANALYSIS RESULTS " ' 1

"* :''O'Y."O'*" ..m....e.....
em.a ... . . . . . . . . . . . . . . . . . , ,

*"* at"^a=*
| p,hg7' * 'Q'.?U .en ..., . .ec~, o,,

37 2299.4-01.2 2.0 1.9 9.5 0.0 69.0 Dol, vuggy, vert frac

38 2301.2-02.8 0.8 0.4 6.9 0.0 68.5 Dol, vuggy

39 02.8-03.8 0.1* 5.2 0.0 73.6 Dol, vuggy, vert frac

40, 03.8-05.2 22 0.2 6.7 0.0 75.1 Dol, vuggy, vert frac

41 05.2-06.5 1.1 0.9 4.3 0.0 76.4 Dol, vuggy

42 06.5-07.9 0.6 0.3 6.6 0.0 76.4 Dol, vuggy

43 07.9-09.4 0.2 0.1 3.4 0.0 86.4 Dol, pp vugs, cherty
44 09.4-11.0 1.0 0.9 5.9 0.0 77.2 Dol, pp vugs, si/ cherty

2311.0-12.0 Lost core
Drilled.-2312.0-3021.0

45 3021.0-22.4 0.2 0.1 5.3 0.0 76.4 Sd,' dol .

46 22.4-23.2 0.5 0.2 5.2 0.0 78.6 Sd, dol

47 23.2-24.8 0.2 0.1 2.8 0.0 86.4 Sd, dol, sty

48 24.8-26.6 0.1 0.1 6.1 0.0 67.5 Sd, dol, sty

49 26.6-28.4 0.3 0.1 3.1 0.0 85.4 Sd, dot, sty

50 28.4-29.7 0.2 0.1 3.7 0.0 80.9 Dol, s1/sdy, vuggy
51 29.7-31.5 0.8 0.7 4.4 0.0 72.6 Dol, vuggy, vert frac

. -

3031.5-32.0 Lost core

GRAIN DENSITYt

1452-53 2.808
1455-56 2.769
1457-58 2.762
1459-60 2.815
1462-63 2.845
1464-65 2.799 -

1466-67 2.798
1469-70 2.793
1471-72 2.833
1474-75 2.840
1476-77 2.837
2294-95 2.817
2298-99 2.818
2303-04 2.808
2307-08 2.800
2310-11 2.794
3021-22 2.706
3024-25 2.693 -

3028-29 2.822
3031-31.5 2.827 ..

* DENOTES PLUG PERMEABIL1'IY

.- TIIIS IS Ti!E FINAL REPORT.
k
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Exhibit F 7
%qg V

, . .- ox:.AHo:.:A c:TY. OL.AHOMA .g
f

-

'
~ H ALLICURTON CCM.3ANY

*

"HC OIL FICLOG
FF'r3 LAD O R ATO RIOS M AINTAI N ** D AT V .*4t O U O C NTO ...

V **/f -~~~ ~ ^ * ' * t .Y S : SL A B I- ~C W .~ "
. - ,Date ..a.9.v' ::m' ,,L.. 299 . .. ..,. ,

-

.

neport go.ilA.2. .11-69... ... .. . . .
- - -

. Tc.. K..or..r..-....:c.o. cbr-g.....-.......................

.. 9.:sh.M:n.9.!!L...G:1? tom - . . . . . . . . . . . . .

Submitted By.. ...... .... ...- . .. .. .. ...
..... .... Date Received... 5. .pembe r ,,12 ,,,,},9,4.9,,,,,,_,, , ,,,,,,,, ,,,,,,,,,.

. . . . . . . . . .. . u c e.

. Forma tion.. .. n... . t ...i.:.i..r.c.s ..
...,_W'". .. ... f : .' Ao

.rs"Wr ll h. ;'.l....Se po..yah..."...:.c..i.l.i.t..y Depta.... n...o. t ..gi.v. en
.

.

.*
i

. . . .... . . . . . . . . . -

o.S e p....... . ., . .. ..oy:.n consty
- - .. ... ...... Ra n ge =

Location.ET.lE$09. .. . .. Section...... ..... .. . .......... ... Township -
.. .. . .

..l. 3.93*. 9. 75. 2 .. ....

Specific Gravity ..e .

7.,00pH .

Total Dissolved Solids lS?.d.99 .. ... ........ .... ... Parts .cr Mi!!!an*

CaIcium ( MJ.E9 ...... . .. .. .. Par:s .cr Mi!! ion

Magnesium (aIg) . fab?.0........ .... . . . Parts per Million

Chlorides (Cl) nJM - Parts per Million..

Sulfates (504)
E.C ... . .. ... ......... .. Parts per Million .

Carbonates (CO2) . 0... .. ... . .. ... ... .. Parts per Mi!! ion

Bicarbonates (HCO2) .J.69...... .. ... '... ... . . Parts per Million

Tota 1 Iron (Fe) .2.?- . . ..... ...... .. .. . . Parts per Mi!!!on

Sodium (Na) 39.,.7.co... ..... . .. .... ... Paris per Mi!! ion

Remarks: Pg. 0.0% 0753'.. cums#:
.

.-r

-

* Parts per mit! ion, by weight, uncorrected for Specific Gravity.

cc: Mr. D. G. !'.orf arty Respectfully submitted,

HA1.Lil1URTON COMPANY-

\

Dy...}.0 /hM.h .. .. .. ..... .;... ... . .. .. .. .... .

-~

.' '

D m u.on C..emat.

.
.

,

. . . .
.

a
is.. ,,,., . 3,... .. woir.6.ri.a .u.r ..e 6. i;.br. t., .or ...

w . ,.,..,. ;. i. i. .u. ......i..a .~ ,i. e.si.a. e.ar .. , ..

. NOTL,..:: ' ., .. m .. ,,*.. ., ... .. ... ., . ;...... ..,a..s ,.. ...a .. ... .,... ....

/g
e

.. '
., .. . . .


